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ON THE EVOLUTION OF THE MAIN-SEQUENCE STARS 
M. SCHONBERG! AND S. CHANDRASEKHAR 


ABSTRACT 


The evolution of the stars on the main sequence consequent to the gradual burning of the hydrogen in 
the central regions is examined. It is shown that, as a result of the decrease in the hydrogen content in 
these regions, the convective core (normally present in a star) eventually gives place to an isothermal 
core. It is further shown that there is an upper limit (~ 10 per cent) to the fraction of the total mass of 
hydrogen which can thus be exhausted. Some further remarks on what is to be expected beyond this 
point are also made. 


1. General considerations.—The problem of stellar evolution is intimately connected 
with that of energy production in the stars. Both Bethe and Weizsicker? showed that 
the source of the energy radiated by the main-sequence stars is the transformation of 
hydrogen into helium through the so-called ‘‘carbon cycle.’’ On the basis of the Bethe- 
Weizsicker theory, G. Gamow? outlined a picture of stellar evolution. 

The Gamow theory is based on three fundamental assumptions: (a) the stars evolve 
gradually through a sequence of equilibrium configurations; (6) the successive equilib- 
rium configurations are homologous; and (c) the nuclear reaction continues to take place 
until the entire hydrogen in the star is exhausted. 

Such a picture of stellar evolution presents certain difficulties. The assumption that 
the successive equilibrium configurations are homologous cannot be expected to be 
rigorously valid; for the nuclear reaction reduces the hydrogen content in the neighbor- 
hood of the center of the star, and therefore the molecular weight in this region becomes 
increasingly larger than that of the rest of the stellar material, unless we suppose that 
a diffusion process rapidly mixes the whole of the stellar mass. The only region in 
which the mixing can be supposed to take place is the Cowling convective core; but 
stellar configurations in which the ratios of the molecular weights of the convective 
core and envelope are different are not homologous, contrary to assumption (6). 

Another difficulty of the Gamow theory is the uncertainty of the amount of hydrogen 
that can be burned. It is important to determine this quantity accurately, since its value 
affects essentially the final luminosity and effective temperature given by the homology 
formulae. Again it does not appear probable that the entire hydrogen content could be 


' Fellow of the J. S. Guggenheim Foundation, at the Yerkes Observatory. 

2H. Bethe, Phys. Rev., 55, 434, 1939; and C. F. von Weizsicker, Phys. Zs., 39, 633, 1938. 
3 Phys. Rev., 53, 59, 1938; 55, 718, 1939; Nature, 144, 575, 1939. 
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exhausted, since it would imply a thorough mixing of the stellar material, in order that 
the entire content could reach the center, where the nuclear reactions principally take 
place. Sometimes it is assumed that only 14.5 per cent of the entire hydrogen content 
(which is the fraction of the total mass contained inside the Cowling convective core) 
participate in the carbon cycle. This hypothesis, though apparently more plausible, 
should be further amended, for it would be valid only if the turbulence in the convective 
core mixed the material rapidly enough to avoid the formation of an isothermal] region 
at the center which would tend to stop convection. However, even if there is no forma- 
tion of an isothermal core, the fraction of the stellar mass contained in the convective 
region would be expected to diminish as the molecular weight increases relatively to that 
of the rest of the stellar material. We shall obtain the precise amount of this diminution; 
but it is clear that only a small fraction of the stellar hydrogen could be burned if only 
the hydrogen in the convective core was available for the nuclear reaction. We should 
not conclude, however, that only that small amount of hydrogen could be burned, since 
there is the possibility of the formation of an isothermal core after the exhaustion of 
hydrogen has stopped the convection in the central regions. Such a possibility results, as 
we shall show, from the existence of equilibrium configurations formed by isothermal 
cores surrounded by point-source envelopes, the mass of the isothermal cores being larger 
than that of the limiting convective core of vanishing hydrogen content. 

In the isothermal core-radiative envelope models the nuclear reaction takes place at 
the interface of core and envelope. The fraction of the mass contained in the isothermal 
core cannot exceed a fixed value, so that the nuclear reaction will finally cease when the 
mass in the core reaches its maximum value. A possibility which should not be over- 
looked is that, during the transition to gravitational energy production, larger cores 
could be formed that would not be equilibrium configurations; however, the lifetime of 
such configurations is presumably small, so that in a first approximation we can neglect 
such possibilities. 

2. Stellar models formed by convective cores and radiative envelopes with different molec- 
ular weights—The construction of these models can be done either by the method used 
by T. G. Cowling‘ or by that proposed by Chandrasekhar.° 

At the interface the values of the temperature, pressure, and mass of the core should 
be identical: 


P(1;) core M core =M (1;). ’ (1) 
where P, M, and T denote the total pressure, the mass within the radius 7, and the tem- 


perature, respectively. The index 7 indicates that the values refer to the interface and 
the index e that the quantities correspond to the envelope solution of the equilibrium 


equations. 
Conditions (1) are not sufficient; it is further necessary that the effective polytropic 


index of the envelope be 1.5 at the interface 
\Cln Tian 
It is convenient to introduce the homology invariant quantities U’ and V for the core 
as follows: 


,_2GM(r) p (3) 
Conditions (1) can now be written in terms of U; and V;as 
Amp. (ri) Fi be pe( ri) Be 


4M.N., 91, 92, 1931. 5 An Introduction to the Study of Stellar Structure, p. 352, Chicago, 1939. 
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where wu, and yw, denote the molecular weights of the core and envelope, respectively. The 
appearance of the ratio of the molecular weights in formulae (4) is due to the discontinu- 
ity of the density at the interface. If radiation pressure is negligible, the ratio of the 
values of the density on both sides of the interface is simply the ratio of the corresponding 
molecular weights. Indeed, in that case the total pressure may be identified with the 


gas pressure ; and so 


k 
(5) 
Since both P and 7 are continuous at the interface, equation (5) implies the continuity of 


/ 
For given values of the total mass M, luminosity L, radius R, and molecular weights 


yu, and pe it is generally possible to find ©! solutions satisfying conditions (4), each of 
these solutions corresponding to a value of the opacity constant xo that appears in 


Kramer’s law, 
K = , (6) 


Condition (2) eliminates the arbitrariness of ko. 

In order to determine the effect of the increase of the ratio u,/, on the size of the con- 
vective core, we have applied the method described to a star with the solar values Mo, 
Lo, RO, ue = 1, and u./me = 2, neglecting radiation pressure. We found that such a con- 


TABLE 1 

1..........| 0169 | 0.145 2.250 | 37. | 0.573 | 0.0053 0.554 
| 0.076 179 | 0.0190 0.803 


vective core could be approximately fitted to an envelope described by the Inger Nielsen 
solution with log xo = 24.992. The characteristics of the Cowling model and those of the 
limiting convective core with u./u. = 2 are given in Table 1. In this table we have 
tabulated the quantities 


R M T; &V; 7& 
where 7’, is the central temperature and J an integral that has to be evaluated numeri- 
cally, as will be explained later. All the tabulated quantities are homology invariants, 
and it is possible to express in terms of them the radius R, the luminosity L, and the 
gravitational energy © of the star as follows: 


(7) 
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where Lo is a numerical constant depending only on the ratio of the molecular weights, 
Before proceeding further we shall indicate how formulae (8) ,(9) and (10) arise. 
3. According to the second of equations (4), we have 


= 2 GM Poore (11) 
V;P; 


and so 
R=3GM EV, 
but in the core we have 
P 


Hence, 


which is our formula (8). 
For any homologous family of configurations, derived on the basis of Kramer’s law of 
opacity, the luminosity is given by the formula 


L=Iy - 


(11) 


Lo being a characteristic constant of the family. In the present case Ly can depend only 
on u-/ Me. Applying equation (11) to the star of the family with the solar values Mo, Lo, 
Ro, and uw, = 1 and using solar units, we get for Zy the formula 


Lo = (Ko) int (9a) 


Introducing into equation (11) expression (8) for RX, we obtain formula (9). 
4. We shall now evaluate the potential energy Q of the composite models. Quite gen- 


erally 
(12 
or 
(13 
{2 = 2 7). 


W being the gravitational potential. 
Now, for a composite model, 2 is the sum of the potential energies of the core and en- 


velope, i.e., 
Q = Qeore FQ 5 (14) 


r. R 


The core is a gaseous sphere of polytropic index 1.5; hence 


(15) 
2\p Pi 
and therefore 
5PM, 
Qeore = Pdr +5 


6 Chandrasekhar, op. cit., p. 100. 
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where dr is an element of volume. Using a formula due to E. A. Milne,’ we can express 
Q, as 


f Pdr + (16) 
Introducing this value of {Pdz in the expression for Q., we get 
| Qeore — 4 Di 2 r; 
or 
Qvore [= + BP; (= ( 17) 
7 rj 3 Pi 
But 
GM’, GM? 7? 
1 
Rt (17a) 
On the other hand, according to the conditions (4) we have 
2 GM nPreore( 2 GM? 
V; = 5 tV; (176) 
and 2GM 
Taking into account these last three er we get for Qvore 
Qeore 1 +3 (18) 
Turning next to the part 2, of 2, we start with the formula (cf. eq. [16]) 
Q.=-3 f (16a) 
The integral in equation (16a) can be put in the form 
GM? 
2 


where J is a homology invariant quantity that has to be evaluated numerically. Taking 
into account equations (176 and (19) we get for 


2 GM? 
(20) 
Thus, combining equations (18) and (20), we finally obtain 
which is the last of the formulae (4). We can express equation (21) more simply as 
(10) 


It is this quantity w which is tabulated in Table 1. 
7 M.N., 89, 739, 1929; 96, 179, 1936. 
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It is now easy to derive the formulae for the internal energy H and the total energy E 
as follows: 


(1) =| (60) core dM + (0). amt], 


or 
core” core Cp — Cy 
-(—— Pdr+—— f Par]. 
Ycore core env 
Taking into account equations (16) and (16a), we get 
Q 1 1 
3 Ycore 1 Te" 1 Ycore 1 1 
But Yeore = Yenv = Y; and so 
Q 
H = 
For the total energy E we have 
37 


Formulae (22) and (23) hold for any model in which y is constant through the whole 
stellar mass. The preceding argumentation is, however, necessary to prove the validity 
of the Ritter-Perry formula (22) for composite configurations with different values of u 
in the different regions. 

5. Stellar models with isothermal cores and radiative envelopes with different molecular 
weights.—The method of constructing stellar models formed by an isothermal core sur- 
rounded by a radiative envelope was discussed by L. R. Henrich and S. Chandrasekhar’ 
for the case in which the values of uw are the same in both regions. We will now examine 
the more general case of different molecular weights. 

It is necessary to fit an E solution corresponding to an isothermal core with molecular 
weight u, toa radiative envelope with molecular weight u,. At the interface the values of 
the pressure, temperature, and mass of the core given by both solutions should be identi- 


cal: 


The density has a discontinuity at the interface. Neglecting radiation pressure, we get, as 
in section 2, for the ratio of the densities on both sides of the interface the value of the 
ratio of the respective molecular weights. The conditions (24) are the only ones to be 
fulfilled, and so we get a family of ©! configurations for any given set of values of M, L, 
and R. 
It is convenient to introduce the homology invariant functions # and v to describe the 
isothermal core, 
Mr)’ k 


The equations of fit in the new variables are 


_ [re (ride] Me GM (ri). 


8 Ap. J., 94, 525, 1941. 
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The quantities g and », 
M (r;) 


nd v=— 


(27) 


are homology invariants, and each of them can be used to label the different configura- 
tions corresponding to the same stellar mass and the same central temperature. 
From the second of equations (26) we readily obtain the following formulae for the 


radius R: neue 
R(q) (28) 
where 
QO(q) = (29) 
For the present case the luminosity formula takes the form 
L = La — (30) 


Equation (30) is analogous to equation (9) and can be derived in the same way. The 
quantity Lo depends on both g and u./u,.. Our numerical integrations were done with the 
solar values MO, Lo, RO, and pw, = 2.2; hence we get for Lo 


ae ( Ko) int 
Introducing the expression (28) of R in equation (30), we find 
7; 570.5 ,,7.5,,—0.5 
GH) 


The variation of the luminosity at constant central temperature is determined by the 


factor Lo/ VQ. 
The thickness Ar; of the energy-producing shell is related to the luminosity by the 


equation 
L=Anrip(1;) Arie (33) 


where € is the energy production per gram per second. 
Introducing in equation (33) the expression for L, we get 


1/2 
Glo 1 (aa) (34) 


R Ko \GE 
or L 
A qLo 
(34a) 


The potential energy © is the sum of two terms Qeore and 2... The quantity ©, is given 
by formula (16), since in the derivation of this formula the nature of the core does not 
matter. Introducing in equation (16) the value of P given by the gas equation and 
taking into account that the temperature is constant throughout the core, we obtain for 2, 


kT. 


q R a : 
| 
) 
| 
| 
x 
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Similarly, , is given by equation (16a), and therefore 


kT, 
Taking into account formulae (19) and (28), we can simplify the expression of 
GM? 
(37) 


The results of the numerical integration are given in Table 2 and illustrated graphi- 
cally in Figures 1, 2, 3,4,5,and 6. The points represented by circles refer to the models 
with isothermal cores, the squares refer to models with convective cores. 


TABLE 2* 


| | Ar M 2 
q | v vo 10 X10 ( R ue! 
0.045 0.079 | 0.747 | 0.936 | 1.759 | 369 1.680 0.0008 
.046 .071 709 .896 1.610 | 628 0005 
049 093 | 761 .988 1.956 | 124 | 0005 
058 | 976 2.020 321 1.306 0005 oo 
065 | 094 .661 918 1.869 14.5 1.176 0004 
.625 879 1.714 9 21 1.116 0004 
071 072 571 813 1.425 4.49 1.024 | 0004 
0.073 0.065 0.555 0.786 1.318 3.46 1.000 0.0004 
| ws 
;, * C is a constant factor; (1—8) is the ratio of radiation pressure to gas pressure; p, is the central density; and p the nee | 
density. | 
| 
| 
6. From Table 1 we derive the main features of the models with convective cores. As i» 
the ratio of molecular weights u,/u, increases from 1 to 2; | 
a) the fraction of the stellar mass in convective equilibrium decreases from 0.145 to 
0.076. 
b) the fraction of the radius occupied by the convective core decreases from 0.169 to | 
0.083. | 
c) the radius of the star increases by a factor ~1.65, assuming that 7, remains con- | 
stant. 


d) the potential energy and the total energy decrease, the heat content, //, increases, 
and there is, therefore, liberation of gravitational energy when the star is still burning 
hydrogen. 

e) The luminosity increases by a factor ~ 1.41, assuming again the constancy of 7. 

f) The effective temperature decreases by a factor ~ 1.18. The decrease of 7 is due 
to the large increase of the radius. Actually, the situation is different, for the sharp re- 
duction of hydrogen content in the core raises the central temperature and hence coun- 
teracts the tendency of the radius to grow. 

For the models with isothermal cores we have the following properties: 

a) There are no equilibrium configurations with cores containing less than 0.065 or 
more than 0.101 of the stellar mass. The lower limit is due to the appearance of convec- 
tive instability at the interface, while the upper one is due to the impossibility of fitting 
a core toan envelope. The upper limit is a decreasing function of u,/ ue, since it is ~0.35 
for the case of equal molecular weights, as was shown by Henrich and Chandrasekhar.’ 

b) Starting from its minimum value, v increases rapidly as g grows, reaches its abso- 
lute maximum, and starts spiraling around a certain value. 
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c) The radius of the model starts increasing as v grows, reaches an absolute maximum 
1.7 Row: and afterward starts to spiral. 

d) The potential energy of gravitation Q and the total nonnuclear energy E start de- 
creasing as v increases, reach an absolute minimum, and then finally start increasing and 
spiraling. In other words, the gravitational binding increases until it reaches a maximum 
and afterward spirals. Since the nuclear binding is the same for two models with the same 
y, it results that there can be two or more 
configurations with the same amount of 
burned hydrogen and with different total 
bindings. 

e) The luminosity starts increasing as v 
grows until an absolute maximum ~2.5 - 
Lon: is reached and then spirals. The total 
change in the luminosity from the Cowling 
model to the model with the maximum 
isothermal core is only 1 mag., instead of 
5 mag. as in the Gamow theory. 


ar 


Fic. 1 Fre, 2 


f) The effective temperature remains practically constant as L grows, then decreases 
and starts spiraling. 

g) The thickness of the energy-generating shell varies very slightly. 

h) The central density increases continually along the spiral in Figure 1. The ratio of 
the central density of the isothermal core with maximum + to that of the Cowling model 
is ~22. 

7. Applications to stellar evolution —Now we can give a more detailed picture of the 
evolution of the main-sequence stars. The hydrogen combustion in the center may have 
either of the following effects: formation of an isothermal core at the center or shrinkage 
of the convective core. Which of the effects takes place depends on the rapidity of mix- 
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ing. The superadiabatic gradient being larger for very bright stars, the mixing will pro- 
ceed faster and the convective core will shrink; in stars of low luminosity an isothermal 
core may be formed. 

The formation of an isothermal core surrounded by a convective shell and a radiative 
envelope seems, at first sight, to present difficulties, because at the interface of the con- 
vective and isothermal regions the polytropic in- 
dices would be different: © and 1.5. On the other 
hand, since the energy-producing layers would lie 
at the boundary of the isothermal core, it is reason- 
able to suppose that there should be convective in- 
ad stability at the outer boundary of those layers and 
stability at the inner one. It should be remembered, 
in this connection, that the nonexistence of sources 
of energy in the isothermal core would make convec- 
tion impossible, since there would be no driving 
mechanism. Consequently, we need not require the 


Bice 


0.06 


° 
> 
| 


log L+ const 


1 | 
0.00 004 008 0.12 y 


<= 4 log Te+const 


Fic. 5 Fic. 6 


equality of polytropic indices at the interface of the convective and isothermal regions. 
In any case it may be expected that, even if there are no equilibrium configurations of the 
type considered, there may still exist quasi-equilibrium configurations of that type. 
The growth of an isothermal core at the center would slow down and finally stop con- 
vection when the fraction of the stellar mass inside it exceeded 0.065. The stellar model 
would then go over into the sequence formed by isothermal cores surrounded by radia- 


tive envelopes. 
In the case where there is rapid mixing the convective core would start shrinking and 
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the luminosity would increase somewhat, while the radius would expand rapidly. The 
star would not, however, expand so much as the results of Table 1 might suggest, for the 
scarcity of hydrogen would make the central temperature rise. As the central tempera- 
ture rises, so will the temperature at the outer points, and the energy production wil] 
spread to outer regions. The convective currents must stop before the whole hydrogen 
is burned, and that will be taken care of by the spreading of the energy production and 
consequent leveling of the temperature gradient. Finally, the star will readjust itself to 
an isothermal core-radiative envelope model. The later stages of the evolution would be 
the same as in the case of slow mixing. 

It is to be noted that the liberation of the gravitational energy has already started 
during the time when the nuclear reaction is going on and not merely after the reac- 
tion is over, as it is usually supposed. This liberation of gravitational energy is in turn 
responsible for the increase of the heat content of the star. 

So far we have discussed the evolution of a star only during the relatively early stages 
of the exhaustion of hydrogen in its central regions. The question now arises as to what 
can be said concerning the evolution during the later stages, i.e., after the isothermal 
core has grown to include the maximum possible mass. When this stage has been 
reached, the liberation of energy from the carbon cycle must cease, and we should 
expect the star to adjust itself to a contractive model (ea7’) and evolve according to the 
Helmholtz-Kelvin time scale. But this gravitational contraction cannot proceed 
indefinitely, for with continued contraction the temperature at the interface be- 
tween the central regions exhausted of hydrogen and the outer envelope contain- 
ing hydrogen will steadily increase. And, when the temperature exceeds a certain 
value, the nuclear reactions will start, and the carbon cycle will again become 
operative. At first, the energy liberated by the nuclear processes will be small com- 
pared to the gravitational liberation. But very soon, because of the high-termperature 
sensitiveness of the nuclear reactions, the energy liberation from the carbon cycle will 
exceed the liberation of energy by the gravitational contraction. In other words, the 
central regions must again tend to become isothermal. However, no equilibrium con- 
figuration is possible under these circumstances: for the isothermal core would have to 
contain a greater fraction of the total mass than is possible under equilibrium conditions. 
It therefore appears difficult to escape the conclusion that beyond this point the star 
must evolve through nonequilibrium configurations. It is difficult to visualize what 
form these nonequilibrium transformations will take; but, whatever their precise nature, 
they must depend critically on whether the mass of the star is greater or less than the 
upper limit M; (=5.7 u ©) to the mass of degenerate configurations.’ For masses less 
than M; the nonequilibrium transformations need not take particularly violent forms, 
as finite degenerate white-dwarf states exist for these stars. However, when M > M;, 
the star must eject the excess mass first, before it can evolve througn a sequence of com- 
posite models consisting of degenerate cores and gaseous envelopes toward the com- 
pletely degenerate state. Our present conclusions tend to confirm a suggestion made 
by one of us (S. C.) on different occasions that the supernova phenomenon may result 
from the inability of a star of mass greater than M; to settle down to the final state of 
complete degeneracy without getting rid of the excess mass.'° 
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® An Introduction to the Study of Stellar Structure, p. 423, Chicago, 1939. 


10 At a symposium held at the Yerkes Observatory in the fall of 1941, Dr. R. Minkowski stated that 
the analysis of his spectroscopic observations on the Crab nebula supports this suggestion. 
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THE COEFFICIENT OF LIMB DARKENING FOR YZ (21) CASSIOPEIAE 
IN RED LIGHT* 


GERALD E. Kron 


ABSTRACT 


The eclipsing variable YZ Cassiopeiae has been observed with a red-sensitive caesium-cell photo- 
electric photometer, resulting in a light-curve having the necessary degree of precision for the calculation 
of darkening coefficients. Descriptions of the methods used for observing and for analysis are given. 
The color class of the secondary component was determined as F5, in agreement with earlier work. The 
darkening coefficient of the A3 component is 0.33, that of the F5 component is 0.5 at a mean wave length 
of \ 6700. 

INTRODUCTION 

Ina previous paper! there appears an account of the determination of the coefficient of 
limb darkening for the A3 eclipsing variable YZ Cassiopeiae (a 039"0; 6+-74°26’) for the 
blue region of the spectrum. During the course of that work, plans were being developed 
for repeating it in a longer wave length, to make possible an estimate based upon ob- 
servation of how the darkening coefficient varies with wave length. The present paper is 
a report on the results obtained from the photometric observation of the star at a mean 
wave length of \ 6700, and it may be regarded as a continuation of the investigation at 
the shorter wave length. 

Methods used in the present (red) study were patterned as closely as possible after 
those of the previous investigation. The two series of observations differ only in the 
times when they were made and in the photocell with which they were obtained. Ob- 
serving in the blue was done between July, 1937, and November, 1939, with a potassium 
hydride photocell made by the late Professor Kunz. The present series of observations 
in the red was obtained between August, 1939, and December, 1940, with a Western 
Electric caesium-oxide-on-silver, type D-97087 photocell, refrigerated with “‘dry ice”’ to 
reduce dark current. 

INSTRUMENTS 

All the observations were obtained with the red-sensitive photoelectric photometer? 
attached to the 36-inch refractor. The spectral response of a caesium-oxide-on-silver 
photocell is well known, as cells of this type are widely employed in industry. In particu- 
lar, special information is furnished by the manufacturer for the D-97087.? In view of 
these facts it was considered unnecessary to carry out the difficult process of determining 
a spectral sensitivity-curve in the red and infra-red with the limited facilities at hand at 
the Observatory. Instead, ordinates of the manufacturer’s cell sensitivity-curve were 
used with those of the filter, the telescope objective (assumed to be uniform in the red), 
and a black-body emission-curve for YZ Cassiopeiae to obtain a composite curve ap- 
proximating the distribution of light in which YZ Cassiopeiae was observed. Figure 1 
shows the individual curves, while Figure 2 shows the composite distribution-curve. It is 
evident from these that the mean wave length of the composite curve is determined prin- 
cipally by the filter, and therefore inaccuracies resulting from the superficial way in 


* Contributions from the Lick Observatory, University of California, Ser. II, No. 5. 
1 Lick Obs. Bull., 19, 59, 1939. 


Ibid., p. 53. 


® Western Electric Company, ‘‘Photoelectric Cells: Tentative Data Sheet, 5A, 6A, 8A, and D-97087 
Cells,” Fig. 5. (Mimeographed; n.d.) 
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which the cell response has been treated should be small. The filter consists of 2 mm of 
Schott OG1 cemented to 1 mm of Schott BG17; use of this filter as the window to the 
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Fic. 1.—Individual distribution-curves for the various optical elements 


SF 
> = ~ 
78 
27+ 4 
I 
2r 
Ir 
i i i i i 


+ 4 
4000 5000 6000 7000 8000 3000 IIODOOA 
Fic. 2.—Composite distribution-curve, showing the distribution of light in which the observations 


of YZ Cassiopeiae were made. 


cell vacuum chamber eliminated an extra piece of glass from the optical system and 
made it impossible to forget placing the filter. Information on the absorption of the 
filter components is furnished by the manufacturer and is represented as being highly 
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accurate. A vertical line at \ 6700 on Figure 2 will divide the curve into two parts of 
equal areas. The wave length represented by this line is adopted as the mean in which 
the observations of YZ Cassiopeiae were made. 

Of considerable importance to the present investigation is the degree of linearity of 
response of the photometer. The presence of a scale error would cause the relative depths 
of the observed minima to be incorrect; the values of Z; and Z and all the geometric 
elements would be affected. The importance of a high degree of linearity, together with 
the newness and untried nature of the photometer, thus made a linearity test advisable. 
Several methods suggested themselves, but the application of the “‘inverse-square’’ law 
seemed to offer the most in its simplicity, reliability, and the ease with which it could be 
applied to the equipment. 

The photometer was fitted with a small lens 12 inches in focal length and an aperture 
ratio of 1:18, the same as that of the 36-inch refractor. An artificial star was prepared by 
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Fic. 3.—Linearity test of the red-sensitive photometer. Circles: by inverse-square law; crosses: by 
integrating-sphere photometer. 


inclosing a small light bulb behind a pinhole 0.5 mm in diameter. An opal diffusing 
screen and a piece of Schott BG18 filter glass were mounted between light and pinhole. 
For the sake of stability the light was burned at low intensity from a large storage cell, 
and the filter served to remove the great excess of infra-red present under these condi- 
tions, thus making the light more nearly like starlight in its quality. Photometer and 
pinhole source were mounted upon an improvised optical bench, and three different dis- 
tances were gauged from the objective lens to the pinhole by means of a set of three 
rounded-end, steel gauge bars. The lengths of these bars (250.0, 204.1, and 176.8 cm) 
gave relative light-values at the objective of 1.00, 1.50, and 2.06, respectively. The 
effects of scattered light were reduced by the use of diaphragms and dull black paint at 
appropriate places. The lengths of the gauge bars were known with an accuracy of 0.02 
per cent. The changing focus caused by the varying distance of the pinhole was com- 
pensated by altering the photocell-to-objective distance according to a calculated set of 
conjugate foci, so that the photocell (placed outside the focus) intercepted the cone of 
light at a constant diameter. Groups of five readings were taken at each pinhole dis- 
tance, and the three gauged distances were run through four times, twice going from far 
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to near and twice in the opposite direction. The results of repeating this procedure five 
times are shown on Figure 3, by the dotted circles. The vertical scale of Figure 3 is a 
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Fic. 4.—The computed light-curve of YZ Cassiopeiae (solid line) and the normal points (solid dots). 
The upper curve is the secondary minimum, the lower curve the primary minimum. 


ratio equal to the true light-intensity ratio as determined by the gauged distances di- 
vided by the intensity ratio as indicated by the photometer. A horizontal straight line 


OD 


He 
lOO 
98 
96 
Z90 88 
86 
| 
| 
82 
: 
76 | 
74 | 
; 
— 
: 


ive 
Sa 


ts). 


di- 


LIMB DARKENING FOR YZ CAS 177 


would, of course, indicate perfect linearity of response of the photometer. The observa- 
tions show that the photometer may be depended upon to be linear within 1 per cent 
(i.e., light-ratios indicated by the photometer will be this precise) over brightness ratios 
up to 2:1. As the maximum ratio encountered in observing YZ Cassiopeiae is only 
1.35:1 (at primary minimum), it may be concluded that the depths of both minima 
are accurate to better than 1 per cent. 

The crosses on Figure 3 represent linearity observations made by a different method. 
An integrating sphere photometer fitted with a set of calibrated diaphragms had been 
prepared by Donald H. Barber.* Diffuse light from this instrument was allowed to fall 
upon the cell, and readings were taken as the intensity was varied by known amounts 
with the calibrated diaphragms. As the conditions were so different from those encoun- 
tered in actual observation, the results can be given but little weight, although they serve 
as an approximate check. 

OBSERVATIONS 


The photo-comparator® was used as an aid in making all the observations here pre- 
sented.’ As with the previous work in the blue, 23 Cassiopeiae was employed as the com- 
parison star, and its light was routed via one of the paths of the comparator, while the 
light from the variable was sent straight through to the cell. Each observation is the 
mean of nine exposures on each star, reduced to a magnitude difference and corrected for 
differential extinction by means of the equation 


A Mag. = 0"2A secZ. 


During bright moonlight it became necessary to correct for the sky background admitted 
by the 2.9-mm focal-plane diaphragm through which the stars were observed. The times 
for the observations were reduced to heliocentric mean time. Table 1 contains the ob- 
servations arranged in chronological order. The second column gives the Julian date of 
each observation; the third column, the heliocentric phase in mean solar days as calcu- 


lated from 
Min. I= JD 2428733.4218+4.467224E. 


This expression, derived from the blue observations, was found to be fully consistent 
with the present data. The fourth column contains the difference in magnitude in the 
sense (23— YZ). The magnitude differences include systematic corrections for small 
night-to-night changes in the optical path of the comparator, derived by shifting the 
various nights’ work into mutual agreement. Except for those observations made after 
the optical parts of the comparator were coated with magnesium fluoride, the corrections 
are small and have less variation than those published for the blue observations. The 
data in the fourth column therefore give, not the true difference in magnitude between 
YZ and 23 Cassiopeiae, but this difference plus the absorption in magnitudes of one path 
of the photo-comparator. No variation has been found to occur in this absorption during 
a single night’s observation; and therefore the shape of the light-curve is accurately 
represented. 


‘Martin Kellogg Fellow of the Lick Observatory, 1940-1941. 

5 Lick Obs. Bull. 19, 59, 1939. 

6 The optical parts of the comparator were coated with magnesium fluoride on May 9, 1940. The 
result of thus treating eight surfaces in the light-path increased the transmission from 63.2 per cent to 
82.1 per cent at 4 4500, and from approximately 64 per cent to approximately 74 per cent for 6700. 
The coating was designed for maximum transmission in the blue region. 
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TABLE 1 
PHOTOMETRIC OBSERVATIONS OF YZ CASSIOPEIAE AT \ 6700 
No. | JD 242 (23-YZ) || No. | Jp 242 (23-Yz) 
1......| 9483.881 —07034 | | 9501.845 | +0061 
886 | — .029 | — 104 | 849 | 40.065 | — 035 
891 — | — .109 || 853 +0.069 | — 009 
895 — 020 | — .112 || 862 | +0.078 | + 014 
.; 899 | — 016 | — .113 |] 55...... 866 | +0.082 | + 029 
{| 
903 — 012 | — .107 | 870 | +0.086 + 049 
918 | + 003 | — .108 | 874 | +0.0900 | + 060 
922 | + .007 878 | 40.094 | + 
926 | + O11 — .107 | 882 | +0.098 | + 091 
ae 930 | + .015 | — 105 || 60...... | 896 | +0.112 | + 141 
935 | + | — 115 | 900 | +0.116 + 
945 | + 030 | — .104 || | 904 | +0.120 | + .163 
| 949 | + 034 | — 100 | | 908 | +0.124 | + 180 
| .953 | + .038 | — .101 || | 912 | 40.128 | + .180 
.957 | + .042 — .093 || 65......| 916 | 40.132 | + 
| 
962 | + .047 | — .089 | 920 | +0.136 | + .198 
.966 | + .051 | — .075 | 928 +0.144 + .213 
| 970 | + .055 | — .065 932 | +0.148 | + .216 
| 975 | + 060 | — 042 936 | +0.152 + .229 
eee | 979 | + .064 | — 031 |] 70...... 940 | +0.156 | + 223 
| 9492..864 | + .014 | — 116 | 9510.809 | +0090 + .068 
868 | + 018 | — .115 813 +0.094 | + 070 
872 | + 022 | 111 817 +0098 + 099 
| 881 | + .031 | — .110 821 | +0102 | + .102 
25. | | + .038 | — .094 75 831 +0112 + 145 
| 892 | + 042 | — .093 835 | 40.116 + .148 
900 + 050 | — .089 839 +0.120 + .166 
904 | + .054 | — .082 843 | +0.124 | + .172 
908 | + 058 | — .061 | 891 +0.172 | + .227 
ee 912 | + .062 | — .048 || 80...... 895 +0176 + .223 
916 + .066 — .027 899 +0. 180 + .226 
921 | + .071 | — .003 | 903 | +0184 + .224 
| 928 | + 078 | + .017 907 | +0.188 | + .223 
932 | + .082 | + .042 912 +0.193 (+ .234) 
35 940 | + 090 | + .069 85 931 +0212 + .229 
| 
946 + .096 | + .086 | 935 +0.216 + .228 
950 | + .100 | + .109 939 | +0.220 | + .227 
954 | + .104 | (4 .132) 944 | +0.225 > + 231 
| 958 | + .108 | + .132 | 948 | +0.229 | + .221 
975 | + 125 | + .181 952 | +0.233 | + .223 
979 | + | + 9512.882 | +2163 | + .132 
983 | + .133 | + .190 886 | +2.167 | + .117 
987 | + .137 | + .198 891 | +2.172 + 114 
991 | + .141 | + .209 895 | +2176 | + .116 
996 | + 146 | + .218 95. 899 42.180 | + .110 
| | 
9493.001 | + .151 | + .226 | 903 | 42.184 + .103 
9501.812 | + .028 | (— .086) | 907 | 42.188 + .106 
816 | + .032 | (— .060) || | 925 | +2.206 | + .103 
822, | + .038 | (— .053) | 929 | +2.210 | + .098 
| +0.042 | (0 051) 100 | 933 | 42.214 | +0.107 
| | 
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JD 242 (23-YZ) | No. JD 242 (23-YZ) 
 9521.880 | +24227 | +0111 | 9541.986 | —04003 | —Om109 
984 | +2.231 | + .113 || 994 | +0.005 | — .106 
888 | +2.235 | + .102 998 | +0.009 | — .115 
893 | +2.240 | + .104 || 9542.002 | +0.013 108 
897 | 42.244 | + .104 || 155 | 006 | +0.017 | — .099 
901 | 42.248 | + .105 || 010 | +0.021 | — .107 
905 | +2.252 | + .099 | 014 | +0.025 | (— .085) 
913 | 42.260 | + .100 | 9548.676 | +2.219 | + .102 
917 | +2.264 | + .106 || 680 | +2.223 | + .106 
921 | +2.265 | + 101 || 160......| 684 | +2.227 | + .099 
| | | 
925 | +2.272 | + .009 | | 688 | 42.231 | + .105 
942 | +2.289 | + .100 | | 692 | +2.235 | + .099 
946 | +2.203 | + .101 || | 696 | +2.239 | + .110 
955 | +2.302 | + .120 | | 701 | +2.244 | + .110 
959 | +2.306 | + .126 || 165...... | 705 | +2.248 | + .099 
963 | 42.310 | + .127 | 709 | +2.252 | + .104 
967 | +2314 | + 140 713. | +2.256 | + .103 
| 42.318 | + .145 |) | 717 | +2.260 | + .109 
075 | +2.322 | + .148 || | 728 | 42.271 | + .102 
982 | +2.329 | (+ .150) || 170... 732 | +2.275 | + .101 
986 | +2.333 | + .166 736 | +2.279 | + .108 
990 | +2.337 | + 175 740 | +2.283 | + .112 
904 | 42.341 | + .187 | 745 | +2.288 | + .110 
998 | +2.345 | + 191 | 749 | 42.292 | + .114 
9522.003 | +2350 | + .194 |) 175......| 753 | +2.296 | + .125 
| 
007 +2.354 | (4+ .164) | .763 +2 .306 + .142 
9541.873 | —0.116 | + .151 | | 767 | +2.310 | + .140 
877 | —0.112 | + .146 | | ‘771 | +2.314 | + .144 
883 | —0.106 | + 124 | | 776 | +2.319 | + .152 
887 | —0.102 | + .107 || 180......| 780 | +2.323 | + .154 
| 
go1  —0.008 | + .093 | | 784 | +2.327 | + .169 
895 | —0.004 | (+ .066) | | 789 | +2.332 | + .168 
902 | —0.087 | + .051 | | 793 | +2.336 | + .176 
906 —0.083 | + .033 | 797 | +2.340 | + .188 
910 | —0.079 | + .010 || 185 ‘sor | +2.344 | + .190 
914 | —0.075 | — .006 | 815 | +2.348 | + .193 
918 | —0.071 | — .012 | 819 | +2.352 | + .191 
923 | —0.066 | — .022 823 | +2.356 | + .196 
927 | —0.062 | — .O41 827 | +2.360 | + .202 
931 | —0.058 | — .063 || 190...... 832 | +2.365 | + .208 
| | 
936  —0.053 | — .078 836 | +2.369 | + .209 
040 | —0.049 | — .083 844 | +2.377 | + .208 
o44 | —0.045 — .097 856 | +2.389 | +..220 
957 | —0.032 | — .095 860 | +2.393 | + .212 
961 | —0.028 | — .105 |] 195. 865 | +2.398 | + .215 
| 
965 | —0.024 | — .106 9550.735 | —0.189 | + .226 
969 | —0.020 | — .108 739 | —0.185 | + .227 
974 | —0.015.| — .108 743 | —0.181 | + .221 
978 | —O0.011 | — .102 748 | —0.176 | + .221 
982 | —0.007 | —0.111 || 200...... 752 | —0.172 | +0.223 
bs 
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TABLE 1—Continued 
No | No JD 242 

9550.756 | —04168 | +0"227 9557 .679 
7600 | —0.164 | + 226 683 
767 —0.157 | + .227 689 
| 771 —0.153 | + .220 693 
| 775 | —0.149 | + .216 | 255 698 
779 | —0.145 | + .222 705 
784 | -—0.140 | + .204 711 
788 | —0.136 | + .194 715 
795 | —0.129 | + 193 || 719 
799 | —0.125 | + .173 || 260 724 
803 | —0.121 + .167 
807 | —0.117 | + .149 736 
824 | —0.100 | + .099 || 740 
829 | —0.095 | + .082 | 744 
215 833 —0.091 + .070 || 265...... 748 
838 | —0.086 | + .055 759 
842 —0.082 + .035 | 763 
846 | —0.078 | + 017 || 767 
| 850 | —0.074 | — .003 || 771 
220......| 855 | —0.069 | — .012 || 270 775 
859 — .028 792 
863 —0.061 | — 796 
868 | —0.056 | — .051 800 
| 873 —0.051 | — .082 804 
—0.046 | — .089 275 809 
| 

| 882 —0.042 — .090 | 813 
| 886 | —0.038 | — 101 || 817 
890 | —0.034 | — .095 | 9559 661 
—0.022 — .106 || 665 
me... 906 | —0.018 | — .104 || 280 669 
O11 —0.013  — 116 674 
| 916 | —0.008 | — .104 678 
| 920 | —0.008 | — .114 683 
| 924 | 0.000 | — 110 678 
235 932, | 40.008 — 119 285 691 
937 | 40.013 | — 119 696 
942 | 40.018 | — .117 700 
946 | +0.022 — 107 704 
950 | +0.026 | — 111 709 
ee 955 | +0.031 — .100 || 290 713 
959 | +0.035 | — 103 717 
963 | +0.039 721 
967 | +0.043 | — .100 736 
971 +0.047 | — 087 | 740 
ae 975 | +0.051 | — .083 || 295. 744 
9557.658 | +2.267 | + .101 1 748 
662 | +2.271 + .105 || 753 
666 | +2.275 | + .098 | 757 
670 | +2.279 | + .103 || 761 
250.. 674 | +2.283 | +0.108 | ee 765 


li 
He (23-Yz) 
+24288 +0"105 
+2.292 + .106 
+2.298 + 118 
+2. 302 .122 
+2 307 + .132 
+2.314 + 145 
+2.320 + .153 
+2 .324 + .159 
+2.328 + .163 
+2 .333 + 170 
+2.337 + 179 
+2.345 + .184 
+2.349 + .192 
+2 .353 + .192 
+2.357 + .203 
+2.368 + .212 
+2.372 + .220 
+2.376 + .217 
+2.380 + .222 
+2 .384 + .216 
+2.401 (+ 233) 
+2.405 + .224 
+2.409 + .228 
+2.413 + .226 
+2.418 + .225 
+2.422 + 
+2.426 + .224 
—0.197 + .222 
—0. 193 + .223 
—(0. 189 + .219 
—0.184 + .229 
—0.180 + .220 
—0.175 + .221 
—0.171 + .223 
—(0.167 + .230 
—0. 162 + .227 
—0.158 + .227 
—(0. 154 + .220 
—(0.149 + .222 
—0.145 + .212 
—(). 141 + .211 
—0. 137 + .201 
—@0.122 + .168 
—0.118 + .159 
—0.114 + .138 
—0.110 | + .128 
—0.105 | + .121 
—0.101 | + .106 3 
—0.097 + .085 
—0.093 | +0.074 
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04086 
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.078 
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131 
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.119 

115 
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064 
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016 
012 
008 
004 
000 


005 
009 
013 

.023 
019 


016 
012 
006 

002 


TABLE 1 


(23—YZ) 
+07061 
+ .038 
+ .029 


+4+4+4+ +4444 4155111 


| 


—Continued 

No. | JjD242 | 
9577 . 782 +04055 

.786 | +0.059 

.790 | +0.063 

| +0.067 
+0.078 
+0.082 
| 813 | +0.086 
| 817 +0.090 
821 +0.094 
825 +0.098 
831 +0.104 

843 +0.116 

847 +0.120 

851 +0.124 

365 +0.128 
862 | +0.135 

.866 | +0.139 

.870 | +0.143 

874 +0.147 

| 878 +0.151 
887 +0.160 

891 +0.164 

+0.168 

| 9588.713 +2.051 

375 | 717 +2.055 
721 +2.059 

725 +2.063 

729 +2.067 

.740 +2.078 

.744 +2 .082 
748 +2.086 

753 +2.091 

757 +2.095 

761 +2.099 

385 766 +2.104 
770 +2.108 

774 +2.112 

778 +2.116 

+2.125 

390 791 +2.129 
800 +2.138 

804 +2.142 

808 +2.146 

813 +2.151 

.817 +2.155 
822 +2.160 

826 +2.164 

830 +2.168 

+2.173 

400...... .844 +2.182 


181 
| — .054 
= | — .032 
305... | = | — .018 
| | + .017 
_ | 034 
| — + .063 
| ) + .088 
| | + .096 
| — + .122 
| = + .145 
+ .163 
315..... | + 
| + .189 
— | + .203 
| + .206 
|= | + .216 
| + .227 
| 066 + .224 
| — .092 + 
| 754) = + .229 
= | — 114 
731 | + .218 
785 — .110 + .219 
| = | 107 + .205 
335.. 793 | — .108 + .211 
| + .203 
798 | — .110 = 
802 — .110 + .197 
9577.704 — + .190 
= 708 | — — .114 + .181 ee 
| + .182 
— | — .106 
715 | — | — .110 + .165 
721 | — 108 + .162 
725 | — | 106 + 1145 
345 729 | + | — 117 + .149 oo 
| + 139 
759 + .032 | — .108 + .133 
7063 | + .036 | — .106 + .127 Bey oe 
767 | + 040 | — 093 + .121 
» | | 
771 +0.044 |’ (—0.099) + .115 
| | +0.107 
| | | | 
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No | (23-YZ) 
+24186 | +0™101 

+2.190 + .103 

+2.196 + .100 

+2.200 + .110 

+2.204 + .104 

+2.210 | + .101 

+2.214 | + .102 

+2.218 + .100 

+2 .222 + .101 

+2 .226 + .104 
+2.230 + .106 

+2 .234 + .106 

+2.210 + .109 

+2.214 + .107 

+2.218 + .103 
+2.222 + .105 

+2 .226 + .100 

+2 .230 + .104 

+2.242 + .103 

+2.246 + .103 
+2.250 + .099 

+2.254 + .107 

+2.258 + .106 

+2.262 + .096 

425. +2.267 + .103 
+2.271 (+ .094) 

+2.277 + .106 

+2.281 + .098 

+2.285 + .102 

+2.289 + .114 
+2.294 + .123 

+2.298 + .114 

+2 .303 + .130 

+2.307 + .132 

435 +2. 311 + .137 
+2.319 + .147 

+2 .323 + .151 

+2.328 + .157 

+2 .332 + .165 

440... +2 .336 + .169 
+2 .340 + .169 

+2.344 + .184 

+2.348 + .184 

+2.358 + .193 

445. +2 .362 + .198 
+2.369 + .206 

+2.373 + .217 

+2.377 + 215 

+2.381 + .214 

+2.385 +0.213 


No. 


460..... 


|| 470......| 


480. 


495......| 


| Heliocentric 


JD 242 
9883 .888 +24390 
+2 .394 
+2.398 
.900 +2.402 
904 +2.406 
676 +2.243 
+2.248 
685 +2.252 
+2.256 
693 +2.260 
697 +2.264 
.701 +2.268 
.709 +2.276 
713 +2.280 
717 +2.284 
+2.288 
.726 +2 .293 
.730 +2.297 
734 +2.301 
745 +2.312 
749 +2.316 
753 +2. 320 
.758 +2.325 
767 +2.334 
771 +2. 338 
+2.342 
+2. 346 
783 +2.350 
787 +2 354 
792 +2.359 
796 +2. 363 
802 +2. 369 
808 +2.375 
812 +2. 379 
816 +2. 383 
820 +2.387 
824 +2 391 
828 +2.395 
832 +2. 399 
836 +2.403 
840 +2.407 
665 —0.038 
669 034 
.673 —0.030 
.677 —0.026 
681 —0.022 
.685 —0.018 
.689 —0.014 
.699 —0.004 
.704 +0.001 


(23-Yz) 


+0221 
220 
.218 


— .107 
—0.109 


182 
| | | | | | 
| 
224 
) 
| 
104 
— 102 
108 
103 
| 
ie | 
| 
149 
57 
157 
i] 175 
| 
| | 180 
— 
| 
208 
214 
485 : | 215 
210 
220 
| | 222 
| 
227 
| 095 
| 
104 
| 
a 107 
| 107 
| — 116 
— iii 
| | 
| | | | 
= 


nm 


No. 


530... 


540 
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TABLE 1 
JD 242 | 
9921.708 | +04005 | (—0™122) 
712 | +0.009 | (— .124) 
715 | +0.012 | — .106 
719 | +0.016 | — .116 
724 | 40.021 | — .115 
| 40.025 | — .107 
736 | +0.033 | — .105 
740 | +0.037 | — .096 
745 | +0.042 | — .097 
749 | +0.046 | — .092 
753 | +0.050 | — .075 
757 | +0.054 | — .067 
761 | +0.058 | — .059 
766 | +0.063 | — .041 
770 | +0.067 | — .017 
774 | +0.071 | — .009 
778 | +0.075 | + .022 
783 | +0.080 | + .025 
787 | +0.084 | + .045 
792 | +0.089 | + .057 
796 | +0.093 | + .075 
800 | +0.097 | + .094 
804 | +0.101 | + .105 
9932.800 | +2.162 | + .131 
804 | +2.166 | + .122 
| 
808 42.170 | + .122 
912 | 42.175 | + 
817 | +2.179 | + .109 
$21. | 42.183 | + .103 
825 | 42.187 | + .105 
101 
099 
095 
103 
101 
109 


+++++ +4444 


183 


—Continued 
| 
No | JD 242 rie (23—YZ) 
| 9932.984 | +24346 | +0191 
‘988 | +2.350 | + .188 
‘992 | +2.354 | + .195 
996 +2.358 + .203 
9933.000 | +2.362 | + .209 
| 004 | +2.366 | + .208 
| ‘008 | +2.370 |. + .207 
| 9968.649 | +2.273 | + .115 
| 653 | +2.277 | + .166 
| 656 | 432.28 | 
| 675 | +2.299 | + .125 
679 | +2.303 | + .132 
683 | +2.307 | + (135 
686 | +2.310 | + (144 
500......| 690 | +2.314 | + .143 
| 694 | 42.318 | + .152 
699 | +2.323 | + (155 
703 | +2.327 | + .164 
| 708 | +2.332 | + .172 
565 .| ‘12 | 42.308 | 
| 16 | +2.340 | + .175 
| 720 | +2.344 | + .184 
| 724 | +2.348 | + .188 
728 | +2.352 | + .196 
a 732 | +2.356 | + .190 
736 | +2.360 | + .201 
740 | +2.364 | + .207 
744 | +2368 | + .208 
748 | +2.372 | + .210 
575 752 | +2.376 | + .214 
756 | +2.380 | + .218 
764 | 42.308 | 4+ 
765 | +2.309 | + .272 
770 | +2.394 | + .214 
580...... 774 | +2.308 | + .221 
778 | +2.402 | + .220 
783 | +2.407 | 40.215 


= 
| | 
| 
| 
| 
| 
| 
535 
| +2.216 106 
858 | +2.220 | 105 || | | | 
.862 | +2.224 | 106 |, 
.867 | +2.229 | 105 
953 | +2.315 | 146 
957 | +2.319 | 153 oe 
-~ | 
961 +2.323 | 157 | 
975 +2 .337 186 
545 979 | +2.341 0. 187 Pee 
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Symmetry of both minima about their centers was assumed to have been established 
by the observations in the blue; and, as the present observations failed to show any 
inconsistency with this assumption, they were ‘‘reflected” about the centers of the 
minima before being formed into normal points. The latter was done by arranging the 
observations in the order of increasing phase, subdividing this series into groups of 
twelve, and forming the arithmetic mean of phases and magnitude differences of each 
group. The depth of the secondary minimum was derived from normals just outside of 
eclipse and from those during totality. The mean of the former is 0"2213, that of the 


TABLE 2 
NORMAL POINTS, PRIMARY MINIMUM 


No. | 6 | 1 (O—C) | No. 6 l | siti ) 

Eke Rey 0°217 | 0.7351 | +0.0027 || 12.... 5°738 | 0.8095 +0 0004 

0.725 | .7344! + .0015 |] 13... 6 447 | 0.8339 0002 
3 1.112 | .7340/ + .0005 || 14.... 6.995 0.8545 — 0008 
1.418 | 7342 | — .0001 || 15..... 7.631 | 0.8767 | — .0013 
1.910 7360 + .0002 16.....| 8.099] 0.8935! — .0012 
2.538 | 7393 + .0009 || 17.....| 8.953 | 0.9227, — .0001 
3.046 7425 | + .0014 |] 18..... 9 646 0.9440 + 
| 3.578 | 7456 + .0006 19..... 10.307 0.9633 + .0018 
4.126 | .7558| — .0013 || 20..... | 11.242 | 0.9819} — .0014 
4.658 | .7708  — .0019 | 21...... 12.096 0.9960 —0 0003 
5.125 | 0.7877 | +0.0003 || 22... 

TABLE 3 
NORMAL POINTS, SECONDARY MINIMUM 
| 
No. 6 l (O—C) No. 6 l (O—C) 

180°371 0.8983 | +0 6°536 | +0.0007 
927 8971 0003 12.. 7.075 9388 0002 
181.475 8971 | — .0003 13 7.720 9493 | + 

2.108 8971 — .0003 || 14.... 8.373 9598 + 0010 
ae 2.829 8971 | — .0003 || 15.. 8 913 9679 + 0015 
3.586 8972 — 16 9 515 9741 — 0006 
4.150 9002 | — .0005 17 10.122 9812 — .0009 
4.747) 9049) — 0013 18.. 10.807 9883 — 0010 
9.. 5.375 | _.9127 | 0014. 11.492 9945 — 0007 
10... 5 931 9222 | +0 0005 20 12.274 09969 —0.0025 


latter 01038, making the observed depth of the secondary minimum 01175, or 0.1026 
in light-units. As the secondary eclipse is total, the latter figure represents the fraction of 
the total light of the system contributed by the fainter body, or L. = 0.1026. If a third 
body does not exist, then L; = 1— ZL, = 0.8974. The value for mean observed magnitude 
difference just outside of primary minimum is 0"2249. 

Tables 2 and 3 contain the normal points in the order of the phase angle @ (given in 
the second col. in both tables), starting, in each case, at the center of the eclipse. The 
fraction of the total light of the system for each normal is / in the third column. All 
normals are based on equal numbers of observations; and, as neither minimum is very 
deep, all have been given equal weights in both magnitude and light-units. The probable 
error of a normal is 0™0009. 
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ANALYSIS 


The least-squares method devised by A. B. Wyse’ was applied to the present data in 
the same form in which it was employed in the analysis of the observations in the blue. 
Final elements for 7, 72, and cos 7 from this latter solution were used as preliminary ele- 
ments in the present case. An inspection of the red light-curve is enough to show that the 
darkening coefficient for the larger body will be smaller than for the blue curve, so a 
preliminary value of 0.2 was arbitrarily chosen for both m and 2. The preliminary value 
for the radial component of the eccentricity* was set at 0.0 in conformity with the de- 
mands of the method of solution. Application of Wyse’s method must be based upon 
certain assumptions about the properties of the binary being solved. The method is 
purely a least-squares correction and is capable of handling a maximum of seven un- 
knowns. These unknowns do not include the reflection effect, ellipticity effect, or the 
complicated effect of the proportionality between surface brightness and local gravity. 
It is, therefore, necessary either to make preliminary corrections for these quantities or to 
show that they are negligibly small. Observations made with the blue-sensitive photom- 
eter during the portion of the light-curve between minima show beyond question that 
reflection is completely negligible, as its effects on the light-curve are all but undetecta- 
ble. The influence upon the shape of the small fraction of the light-curve included by the 
minima is practically zero. Rough calculations made with the maximum allowable de- 
gree of photometric ellipticity as indicated by these same observations show that here, 
too, the minima escape with a distortion in shape that is of no practical importance. 
Variation in surface brightness with apparent gravity may not be studied by means of 
observations, but fortunately it is possible to perform a simple approximate computation 
based upon a theory of Chandrasekhar,’ which yields the ratio of maximum to minimum 
light-intensity over the surface of an elongated star having nonuniform effective gravity. 
On the basis of the Roche model it may easily be shown" that this ratio is only 1.02 for | 
YZ Cassiopeiae. As the center/limb ratio from darkening alone is 1.5, it is hardly likely 
that the much smaller effects of variation in gravity seriously affect the results in the 
present special case. The small size of the three effects just discussed arises from the large 
separation of the two stars as compared to their diameters and the correspondingly weak 
effects of tidal and centrifugal forces. 

The least-squares correction in the six elements, #4, uz, 71, 72, €, and i, was carried 
through in January, 1941, with Miss Doris Roosen-Raad acting as check computer. 
Owing to the high precision of the preliminary elements, a single correction was suf- 
ficient to obtain a satisfactory representation. The residuals for primary and secondary 
minima, respectively, are given in Tables 2 and 3 in the fourth column. Representations 
were calculated with the tables of Manfred Wend" (uniform light-curve) and of Russell 
and Shapley” (darkened light-curve) by means of an interpolation formula" for obtain- 
ing a curve for the specific degree of darkening desired, after the method employed in the 
blue solution. After all the computation had been completed, the more accurate dark- 
ened tables of Zessewitsch' appeared in complete form. The final residuals were recom- 
puted in May, 1942, on the basis of Zessewitsch’ tables; owing to the high dependence of 
the computed light-curve on the uniform tables, the small errors in the tables of Russell 
and Shapley are negligible, and the agreement between the representations based on the 


7 Lick Obs. Bull., 19, 17, 1939, Parts I and IT. 

§ A. Pannekoek and Elsa van Dien, B.A.N., 8, 145, 1937. 
93; 573, 1933. 

Luyten, M.N., 98, 461, 1938. 

'! Dissertation (Weida, Thiiringen : Thomas & Hubert). 


2 Ap.J., 36, 390, 1912. 
19 BLA.N., 8, 142, 1937. 14 Bull. Inst. Astr. Leningrad, No. 45, 1939, and No. 50, 1940. 
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two sets of tables is almost perfect. The final elements of both the red and thé blue soly- 
tions are given in Table 4. 

The geometrical elements for the two solutions should be in close agreement, as it js 
unlikely that any changes of importance could have taken place in this system during the 
short time elapsed between the two epochs of observation. As may be seen from Table 4, 
the agreement is, indeed, rather good. The larger body is given a slightly greater radius 
by the red solution, suggesting a real effect from the larger apparent diameter to be ex- 
pected from observing i in a longer wave length. But the smaller body turns out smaller, a 
change in the opposite direction. The discrepancies between the two sets of elements are 
somewhat larger than the probable errors, but it must be borne in mind that probable 
errors are derived from the random scatter of observed points from a computed curve— 


TABLE 4 


ELEMENTS FOR RED AND BLUE SOLUTIONS 


Elements 4 Red 


Blue 
0.329 +0.032. | 0.491 +0.038 
0.48 + 11 | 648 + 11 
0.1443+ 00046 | 0.1420+ .00059 
| 0.07564 .00015 | 0.0766+ .00018 
| — 0.002 + .002 +0012 + .003 
| 88218 £0°057 87°05 +0°06 


a curve purposely devised to reduce this scatter to a minimum. The unavoidable sys- 
tematic errors present in the observations do not find expression in the probable errors, 
but nevertheless they must have an influence on the final results. It would, therefore, be 
surprising indeed to find perfect agreement between the two sets of elements. 


COLOR CLASS OF FAINT COMPONENT 


The relative depths of the secondary minima in the two colors may be used to find the 
color class of the fainter component, provided a color calibration of the two photometers 
is available. As the fainter component is unobservable spectroscopically in the case of 
YZ Cassiopeiae, a photometric determination of color class is of value. 

Calibration of the two photometers was facilitated by observation of a small concen- 
trated group of bright stars at a northern declination and having a wide dispersion in 
spectral type (see Table 5). The A5 star made a convenient comparison star; the others 
were, therefore, referred to it; and the color-index system resulting from the observations 
is most conveniently constructed with a color index of zero for this star. In Table 5 the 
first column contains the BD number of the star; the second column the spectral type 
from the Henry Draper Catalog. The third and fourth columns contain the blue and red 
magnitudes, respectively, taken from Magnitudes and Colors of Stars North of +-80° for 
the A5 star, and by observation for the rest of the list. The fifth column contains the 
photoelectric color index on the present system, the sixth column gives the color index 
from the above-mentioned publication. From the depths of the secondary minima the 
difference in color index between the A3 primary body and the unknown secondary can 
be computed. This color-index difference when entered into the color calibration-curve 
yields the color class of the secondary body. The color-index difference is 0™52, and the 


15 Seares, Ross, and Joyner, Carnegie Institution of Washington, Magnitudes and Colors of Stars North 
of +80°, 1941. 
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lu- corresponding color class is F5. This is in fair agreement with previous, somewhat 
superficial, work,'® which yielded F4. 
‘is Table 6 contains a summary of elements for YZ Cassiopeiae, from both the red and 
he the blue observations. 
4, TABLE 5 
_ PHOTOELECTRIC COLORS OF SEVEN STARS 
re Star | Spec. | Mag. Blue Mag. Red | PCI 
le BD +85°409.......... AO 6.71 | 6.91 | —0.09 
AO 5.17 5.53 —0.35 —0.08 
AS | 0.00 —0.01 
3099... FO 6.73) 6.60 | 40.14 | 40.17 
748 | 7.05 | +044 | +0.29 
a G5 8.17 | 7.21 | +0.97 +0.73 
KO 7.40 5.97 +1.44 +1.08 
TABLE 6 
SUMMARY OF ELEMENTS 
Elements Red Blue 
Period (mean solar dees}, P. 44467224 41467224 
Primary minimum, JD 242, 8733.4218 8733.4218 
rs Phase of secondary minimum, .| 2.2336 2.2336 
Orbital eccentricity (radial comp.), | + 0.012 
Ratio of radii, &. 0.5239 | 0.5393 
Loss of light at he 0.2676 0.3070 
Loss of light at 0.1026 | 0.0625 
Light of larger body, L;.......... 0.8988 0.9375 
Light of smaller body, Le... . ; 0.1026 0.0625 
he Ratio of surface brightnesses, Ji 2.44 4.364 
Orbital inclination, 7... . . 88°17 87°95 
Radius of larger body, 0.1433 0.1420 
of | Radius of smaller body, rz. vers 0.0756 0.0766 
Darkening coefficient of large body, My 0.329 0.491 
n- Darkening coefficient of small body, m2... . 0.48 0.45 
in 
TS . . 
ns It is a pleasure to acknowledge the assistance of Miss Doris Roosen-Raad, who made 
he the check computations, and of Mr. Robert T. Smith, who assisted in making the ob- 
e servations. 
p 
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THE CRAB NEBULA* 
W. BAADE 


ABSTRACT 


Photographs of the Crab nebula, taken in selected regions of wave length, show that the nebulosity 
consists of two distinct parts, namely, an outer system of filaments and an inner mass of amorphous 
structure. Exposures in the Ha region lead to the conclusion that the line spectrum is localized in the 
envelope of filaments, the continuum in the inner amorphous mass. More than 80 per cent of the light 
of the nebula is contributed by the continuum. This high intensity can be understood only if the con- 
tinuum is interpreted as an emission spectrum. 

The star that excites the nebula cannot be conclusively identified at present. The north following 
component of the central double star is definitely ruled out. Proof that the south preceding component 
is the exciting star can be expected only after the proper motion of the nebula has been better de- 


termined. 
The present angular rate of expansion of the nebula is discussed. The value resulting from Duncan’s 


measures appears to be too large, and the inferred acceleration of the expansion is probably spurious. 


The important new data about the nova of 1054 which Professor Duyvendak! has 
recently made available leave hardly any doubt, as Oort and Mayall? have shown, that 
this star is the parent of the Crab nebula and that at maximum it reached the absolute 
magnitude —16.5, which means it was a supernova. If anything could be added to 
Oort and Mayall’s final conclusions, it is the statement, implicit in their reasoning, that 
the nova of 1054 was a supernova of type I. 

The investigation of the remnants of former galactic supernovae? is of special interest 
for two reasons. First, it should answer the question as to the final state of a supernova. 
Estimates of the energy released during an outburst—from an integration of the observed 
light-curve—make it probable that this quantity is of the order of the total heat content 
ofastar. It has therefore been suggested that the outburst marks the transition of a star 
into the collapsed state. Second, such an investigation should provide much needed in- 
formation about what actually happens during the outburst. Although in recent years 
we have observed a number of supernovae in action, we know nothing about the physical 
events which take place at the time of the outburst because of our inability to interpret 
the spectra. Moreover, there seems to be little hope of obtaining new clues during this 
active stage of a supernova, unless one appears bright enough to be followed spectro- 
scopically for at least two years. Since only a supernova within our own galaxy or the 
Magellanic Clouds or an exceptionally bright one in the more distant members of the 
local group would meet this requirement, the chances do not appear very promising. 

We have, therefore, in the last two seasons undertaken an investigation of the Crab 
nebula. In the present article some preliminary questions are discussed; the main results 
thus far obtained are presented in the following paper* by R. Minkowski. 


I. THE STRUCTURE OF THE CRAB NEBULA 


A peculiar feature of the Crab nebula is the strong continuous spectrum which appears 
associated with a line spectrum typical of gaseous nebulae.®> The unusual character of the 
* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 665. 

1 Pub, A.S.P., $4, 91, 1942. 2 Pub. A.S.P., 54, 95, 1942. 


3 In the following discussion the term ‘‘supernova” always refers to a supernova of type I. Supernovae 
of type II, with luminosities intermediate between those of ordinary novae and supernovae of type I, 
appear to be closely related to the ordinary novae. In any case during an outburst they present essential- 
ly the same phenomena as common novae. 

4 Mt. W. Contr., No. 666; Ap. J., 96, 199, 1942. 

5V. M. Slipher, Nature, 95, 185, 1915; R. F. Sanford, Pub. A.S.P., 31, 108, 1919. 
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resulting spectrum is best reflected in E. Hubble’s remark® that “‘the Crab nebula has so 
strong a continuous background for its bright-line images that its spectrum could be 
classed as continuous almost as reasonably as emission.’’ Such continua in emission 
nebulae are usually due to dust particles which reflect and scatter the light of the exciting 
star. However, this explanation certainly does not hold in the present case. Since the 
exciting star of the Crab nebula is of the sixteenth magnitude, the total light of the 
nebula due to reflection and scattering must be of the same order. Obviously, the result- 
ing surface brightness would be so low as to make this reflected light quite unobservable. 

In an attempt to obtain further information on this continuum and its origin, I began 
a few years ago to photograph the Crab nebula in selected regions of wave length. 
Through a proper combination of plates and filters, regions varying in width from 400 to 
1500 A were explored. The first of these photographs, which covered in successive steps 
the range between \ 3300 and \ 6500, showed nothing out of the ordinary. Although 
minor differences in details were noted, the plates, on the whole, repeated the familiar 
picture of the Crab nebula in the ordinary photographic region (see Pl. IX). 

A remarkable feature, however, appeared on the first exposure to include the region 
around Ha (see Pl. X). This plate, covering the range from \ 5200 to \ 6600, brought 
out in great strength an intricate network of filaments which, although present on the 
earlier plates, had escaped attention on account of its faintness. The plate also sug- 
gested that the nebula consists of two distinct parts: the network of filaments just 
mentioned, which forms an envelope around the nebula, and an inner S-shaped mass of 
amorphous character. 

There could be little doubt that the greatly increased strength of the filaments on the 
last plate must be due to unusually strong emission in the Ha region and experience 
suggested that the strong emission is either the Ha line itself or the well-known com- 
bination of Ha and the [N 1] pair, \ 6548 and \ 6584.7 In contrast to the filaments, the 
inner amorphous mass showed no strengthening but appeared with practically the same 
intensity as on the plate which covered the range from \ 5200 to d 6500. 

In view of the unusual spectrum of the Crab nebula, it was tempting to conclude that 
the line spectrum originates in the filaments, the continuum in the inner amorphous 
mass.* The following test showed that this interpretation is correct. If the amorphous 
mass emits the continuum, whereas the line spectrum originates in the filaments, a re- 
duction of our former range of wave lengths (A 5200-A 6600) to the narrower region 
\ 6300-A 6700 should weaken the image of the amorphous mass to less than one-half 
of its former intensity without affecting the strength of the filamentary network. Plate 
XI, taken on an Eastman 103E plate behind a Schott RG2-filter (effective range \ 6300— 
\ 6700), shows that such is the case. It reveals in a striking manner the outer system of 
filaments with the amorphous mass faintly visible inside. 

Thus far it has been shown only that the filaments emit essentially a line spectrum, the 
amorphous mass essentially a continuum. But the crucial spectroscopic test is now easy. 
Using the red photographs of the nebula as a guide, Minkowski‘ obtained a number of 
spectra in selected positions of the slit. These spectra, which cover the ordinary photo- 
graphic region \ 5000—-\ 3600, show that wherever the slit crosses a red filament the 
emission lines of the spectrum flare up; where it traverses the undisturbed background 
of the amorphous mass only the continuum shows. We thus have conclusive proof that 
the line spectrum of the Crab nebula originates in the outer envelope of filaments, the 
continuum in the inner amorphous mass. It is hardly necessary to point out that on 
account of these features the Crab nebula is a unique object among the galactic nebulae. 


° Mt. W. Contr., No. 241, p. 18; Ap. J., 56, 179, 1922. 
7 Later spectra have shown that the [NV 1] pair is largely responsible for the emission. 


* The old empirical rule that filamentary structure in nebulae indicates line emission, while smooth 
amorphous forms indicate continuous spectra, also played some part in these considerations. 
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The form and structure of the filamentary system are clearly outlined on Plate XI, 
To obtain a picture of the inner amorphous mass, undisturbed by the filaments, it js 
only necessary to find a range of wave lengths free from strong lines of the outer envelope, 
Such a range is that from \ 7200 to » 8400, which can be easily reached with modern 
plates. A photograph of the Crab nebula on an Eastman IN plate behind a Wratten No, 
88 filter (effective range, \ 7200—-\ 8400) shows the image of the inner mass free from 
interference by the surrounding filaments (see P]. XII). 

It was pointed out in an earlier paragraph that the observed continuum of the Crab 
nebula cannot be a reflection spectrum. With the localization of the continuum in the 
amorphous mass, we are now in a position to make an estimate of its integrated bright- 
ness. The integrated photographic magnitude? of the whole Crab nebula is mye, = 9.0, 
Since the photographic magnitude of the central star is my, = 15.9, the corresponding in- 
tensity ratio is Jnen/7, = 580. A conservative estimate indicates that in the photo- 
graphic region the amorphous mass (continuum) contributes more than 80 per cent of 
the total light or that Jeont/J, 2 450. The possibility that this large ratio might be due 
to obscuration of the star by the nebulosity can be ruled out at once. As N. U. Mayall 
has pointed out,'® the nebula must be very transparent to light in the photographic 
region, because the red and the violet components of the emission lines, which come 
from the rear and the front parts of the shell, respectively, are on the average of equal 
intensities.‘ Only one explanation appears, therefore, to be plausible, namely, that the 
continuum is an emission spectrum, excited by a star of very high temperature. In the 
following Contribution by Minkowski it will be shown that the free-free and free-bound 
transitions of electrons in a highly ionized gas offer a satisfactory explanation of this 
emission continuum of the Crab nebula. 

Plate XI shows that the filamentary system has a highly regular elliptical outline 
with only a minor distortion (bulge) in the south preceding quadrant. To obtain quanti- 
tative data about the form and the dimensions of the envelope, the outer contours of the 
filamentary system have been traced on enlarged paper prints of the best plates. The 
ease with which the outermost contours can be fixed in this manner is illustrated by the 
fact that the lengths of major and minor axes of the nebula can be determined with an 
accuracy of +5” for each plate. An ellipse drawn with the mean values, a = 178”, 
b = 120”, fits the observed contour perfectly (except at the bulge). For the best adjust- 
ment, the center of the ellipse coincides closely with the faint double star in the nebula, 
the exact co-ordinates of the center being 


Aa = +4"7 (+ 3”), Aé = 070(+ 3”), 


if the north following component of the double star is chosen as origin. The uncertainties 
of these figures are estimates indicating the amounts by which the ellipse could be shifted 
without destroying the fit. 

The axial ratio of the ellipse is b/a = 0.67. The corresponding ratio for the ellipsoidal 
shell, if we assume it to have two equal axes, will be smaller on account of the inclination 
of the main plane to the line of sight. This inclination is unknown at present. However, 
Mayall’s published spectrum” of the Crab nebula with the slit along the minor axis sug- 
gests that the center line of the \ 3727 emission is inclined, the north preceding end of the 
line being shifted toward the red. If this interpretation is correct, the main plane of the 


* This magnitude is based on a plate taken by the writer with the schraffierkassette at the 10-inch 
refractor. 
10 Pub. A.S.P., 49, 104, 1937. 


1 Star counts within the nebula and in four adjacent areas confirm this conclusion, although for 
obvious reasons they have less weight. On the red plates of long exposure (limiting magnitude fainter 
than 20"), 117 stars were counted within the area of the nebula, compared with the mean of 139+ 1 stars 
for four adjacent fields of equal area. The deficit of 16 per cent in the nebula is entirely due to faint stars 
lost in bright filaments. 
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ellipsoid would be tilted southward by perhaps 20°-30°, and the true ratio b/a for the 
ellipsoid would be about 0.60. 

Although the amorphous mass is much less regular in outline than the outer envelope, 
it undoubtedly is more flattened. This difference between the two systems becomes quite 
obvious when one traces on Plate XII the contour of the inner mass for threshold intensi- 
ties. At the ends of the major axis (along the main plane of the shell) it reaches nearly to 
the limits of the filaments, whereas at right angles to this direction it terminates well in- 
side the envelope. The structure of the envelope itself reflects this fact. The filaments 
are best developed in the direction of the minor axis, while at the ends of the major axis 
they appear weakened. Using as a rough measure of the flattening the extension of the 
inner mass in these two directions, one obtains 6/a = 0.54—a value decidedly smaller 
than that for the outer envelope, 0.67. 

A final remark may conclude this discussion of the structural features of the Crab 
nebula. All our present data about the expansion of the nebula refer to the outer enve- 
lope. Since in a shell which has been expanding for more than 800 years the moving 
matter is arranged according to velocities—the fastest moving particles are farthest out 
—this means that the measured velocities represent the upper limit of the velocity dis- 
tribution. According to Mayall’s measures,’° this limit is of the order of 1300 km/sec. It 
seems, therefore, that the velocities with which matter is ejected during a supernova 
outburst are quite moderate and of the same order as those found for ordinary novae. 


II. THE CENTRAL STAR OF THE CRAB NEBULA 


A. Magnitude and color.—It has long been assumed that one of the components of 
the faint double star at the center of the Crab nebula is the source exciting the nebu- 


TABLE 1 
MAGNITUDES AND COLORS OF THE TWO CENTRAL STARS 
PHOTOGRAPHIC PHOTOVISUAL 
I | 11 | Mean ul | IV Mean 

Na foll:...... 15.90 15.96 15.93 15.18 15.08 15:13 +0.80 


losity. Since the exciting star must have an unusually high temperature, it should be 
outstanding on account of its color. Curiously enough, all attempts to identify the star 
in this way have been indecisive. Neither one of the two stars near the center seems to 
have an abnormally low color index, and a search among the fainter stars down to magni- 
tude 20 proved equally unsuccessful. 

Since these earlier tests were merely qualitative, the color indices of the components of 
the central double star were recently determined from polar comparisons at the 60-inch 
reflector. All exposures were made with the mirror diaphragmed down to 40 inches to 
reduce as much as possible the disturbing effects of the nebulosity. The resulting photo- 
graphic and photovisual magnitudes of the central double star, derived from two pairs of 
plates of excellent quality, are given in Table 1. 

Since on account of a defect the south preceding component could not be measured on 
one of the photovisual plates, the photovisual-magnitude difference between the two 
stars was determined on a number of plates taken at the 100-inch reflector. Each of these 
plates received two exposures, with the mirror diaphragmed down to 84 and 58 inches, 
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respectively, the reduction in magnitude amounting to 1.10 mag. The magnitude differ- 
ence of the two stars from four such plates is 


Amp, =0.40+ 0.02, 


the south preceding component being the fainter. This value was taken into account in 
computing the color index of the south preceding star in Table 1. 

The measured color indices confirm the earlier conclusions that neither of the two 
stars is distinguished by an abnormal color. The actual color indices will be somewhat 
smaller, since, on account of the low latitude (6 = —4.3°) and the distance (D~1000 
parsecs) of the Crab nebula, the effects of space reddening are perceptible. 

To allow for the space reddening, the color excess for the Crab nebula has been esti- 
mated in two ways: 

a) By using Stebbins’” color excesses of faint B-type stars in the vicinity of the 
nebula. This leads to an average color excess of +0.15 mag. on Stebbins’ scale, if stars 
of distances comparable to that of the Crab nebula are considered.’ The corresponding 
color excess on the international scale is 


CEjnt = + 0.23 mag. (1) 


b) From counts of extragalactic nebulae in the field of the Crab nebula. A one-hour 
exposure of the nebula on an ordinary photographic plate at the 100-inch reflector re- 
vealed two faint extragalactic nebulae. Their reality has been confirmed on the red 
plates of long exposure, which reveal 16 additional faint nebulae. These data indicate 
that the obscuration in the field is close to the critical value at which the number of 
nebulae—for standard exposures of one hour on ordinary photographic plates at the 
100-inch—drops to zero. Because of the close correlation between obscuration and 
reddening, this point should be marked by a critical value of the color excess as well. 
This is, indeed, what Stebbins and Whitford'* have found in their investigation of the 
reddening of globular clusters, i.e., that the number of nebuiae for standard exposures at 
the 100-inch drops to zero when the color excess (on their scale) reaches the value 
+0.20 mag. The quick transition from presence to absence of nebulae in the neighbor- 
hood of this value is illustrated by their finding that, when the color excess is smaller than 
+0.19 mag., nebulae are seen on the plates; when it is greater than +0.20 mag., no 
nebulae are found. We adopt therefore as an upper limit of the color excess in the field 
of the Crab nebula +0.20 mag. on Stebbins’ scale, corresponding to the value 


CEnt = + 0.32 mag. (2) 


on the international scale. 

The small difference between the two values (1) and (2) suggests that most of the 
reddening in the field of the Crab nebula is caused by particles within less than 1000 
parsecs of the sun. For the further discussion we use the mean of the two values 


CE\nt = + 0.27 mag. 


Subtracting this color excess from our measured values in Table 1, we obtain for the 
color indices, freed from absorption: 


12 Stebbins, Huffer, and Whitford, Mt. W. Contr., No. 621; Ap. J., 91, 20, 1940. 
13 Mt. W. Contr., No. 547; Ap. J., 84, 132, 1936. 
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The corresponding spectral types would be F1 and G4, respectively.'4 These photometric 
results are best discussed in connection with the spectra of the two stars which Min- 
kowski has obtained. 

The spectral type of the north following component, as inferred from the color, is G4, 
in agreement with the observed spectrum for which the various estimates range from 
an early F- to an early G-type. The north following component of the double star is 
therefore definitely eliminated as an exciting source of the Crab nebula. 

For the south preceding star the verdict is more difficult. There is essential agreement 
as to the color, since, according to Minkowski, the intensity distribution in the spectrum 
suggests a late B-type, if not a more advanced one. What makes the case puzzling is the 
fact that no lines could be seen in the spectrum. In view of the rather small dispersion, 
this would not be surprising if we were dealing with weak lines. But we should expect 
strong hydrogen lines if the star were of a late A- or early F-type as its color suggests, 
and it is difficult to understand how they could have escaped detection. The present 
data suggest, therefore, that the star is abnormal, displaying at the same time high- 
temperature characteristics (absence of lines) and a low color temperature. If this be 
true, the star probably is the exciting star of the Crab nebula. However, additional 
evidence that no lines are present in the spectrum is required before this interpretation 
can be accepted without reservation. 

B. The proper motions of central star and nebula.—In view of these inconclusive results 
concerning the central star, it seemed of interest to examine the recent measures of the 
motions of the Crab nebula which J. C. Duncan has published."® Since Duncan has de- 
termined the proper motions of both the nebula and the two stars, a discussion of his 
data might throw light on the question whether one of the stars is associated with the 
nebula. 

Duncan represented his measured motions in the nebula by 


x=2x tAx, y=yot tay, 


where x, y are the co-ordinates of the measured point; Ax, Ay its annual motions in the 
two co-ordinates. The equations are solved for the unknowns ¢—the time which has 
elapsed since the outburst—and x9, yo—the point at which the nebula started at the 
time of the outburst. The distance of this point from the present center of the nebula 
represents the total proper motion of the nebula since 1054. Duncan’s procedure involves 
the assumption that the nebula has expanded at a constant rate; and his resulting value 
of ¢ places the outburst in the year 1172, 118 years later than the date indicated by the 
Chinese annals. Since we are now certain that the Crab nebula started its expansion in 
1054, the difference between observed and computed values would be an indication that 
the expansion has been accelerated since the outburst. 

Although this circumstance should not affect Duncan’s computed values of xo, yo, a 
more appropriate solution would define xo, yo simply as the converging point of the 
measured velocity vectors. It involves the less objectionable assumption that the 
ejected particles have moved in straight lines since the outburst. The equations of con 
dition in this case are, in the same notation as above, 


— xpAy —(yAx — xAy) =0. 
The resulting co-ordinates of the convergent point, referred to the north following com- 
ponent of the double star as origin, are 
Xo = +2473 + 578 (m.e.), yout 1774478 (m.e.), 


4 Based on a relation between Harvard spectral type and international color index which has been 
freed from the effects of interstellar reddening. I am greatly obliged to Dr. F. H. Seares for putting these 
data at my disposal. 


18 Mt. W. Contr., No. 609; Ap. J., 89, 347, 1939. 
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in close agreement with Duncan’s values: 
Xo = +2073 + 373 (m.e.), yo=— 178+ 370(m.e.). 


That the computed errors in Duncan’s solution are the smaller is to be expected since 
he included ¢ as an additional unknown quantity. The real uncertainty in the position of 
the convergent point is clearly better represented by the errors of the new solution. For 
the following discussions the new values xo, yo will therefore be adopted. 

The convergent point and the time that has elapsed since the outburst being known, 
we can derive the proper motion of the nebula as soon as we have fixed the present center 
of the nebulosity. Two reasons, however, make it advantageous to conduct the discus- 
sion in terms not of proper motion but of the position of the convergent point. One is 
the uncertainty about the present center of the nebulosity, especially its center of grav- 
ity. The other is the possibility that exciting star and nebula may not have the same 
proper motion. This possibility has to be seriously considered since there is good reason 


TABLE 2 


POSITIONS OF CENTER OF NEBULA AND OF THE TWO CENTRAL STARS FOR 1054 
(Origin: Present Position of North Following Star) 


Object Xo Yo | Authority 
Nebula... | +24734578 | +177+4°7 Duncan; new reduction 
S. grec. star... | f+1476+3"2 —473+3"0 | Duncan (u,= —07019, =0"000) 
| \+1377 —1"7 Poulkovo (4, = —0"018, us = —0"003) 
foll. star... ...... | 0"0 —1"8 | Poulkovo =0"000, us= +0002) 
| 


| 


to believe that the mass of the nebula is comparable to that of the star. If during the 
outburst more matter were ejected in one direction than in others, the center of mass 
velocity of the shell would be shifted in that direction, that of the star in the opposite 
direction, with the result that the proper motions of shell and star would no longer be 
identical. Both star and shell will, however, be at the same point—the convergent point 
—at the date of the outburst if their present motions are extrapolated backward. 

In Table 2, therefore, are given the positions of the nebula and the two central stars 
for the year 1054, referred to the present position of the north following component as 
origin. In this system the present co-ordinates of the south preceding component are 
Ax = —2%19, Ay = —4%35. Included in Table 2 are the recent Poulkovo measures of 
the motions of the two stars by Deutsch and Lavdovsky.'® 

These figures confirm our former conclusion from color and spectrum that the north 
following component of the central double star is not associated with the nebula but 
must be a background star. On the other hand, there is fair agreement in the positions 
of the south preceding component and the nebula for 1054. A discordance of 9°7 in 
the x-co-ordinates is of the order of the computed mean error, +676. Altogether, one 
would be inclined to accept the existing agreement between these data as an indication 
that the south preceding star and the nebula are associated. 

Nevertheless, there remain serious doubts whether this agreement is significant. They 
arise from the fact that the data of Table 2 imply an improbable motion of the nebula. 
Converted into linear measure, the peculiar transverse velocity of the nebula becomes 
Upec = 109 + 47 km/sec in position angle 275°, if we adopt we = —070221 + 070073, 
us = —070019 + 00063 as the proper motion of the nebula.” This velocity in itself 


16 Poulkovo Obs. Circ., No. 30, 1940. 
17 These values result from xo, yo as given in Table 2 and the present center of the nebula Ar = 
+477 + 3”, Ay = 070 + 3” mentioned on p. 190. 
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would be unobjectionable and merely add the interesting feature that the nebula is a 
high-velocity object. What makes this high velocity suspicious is the fact that it is di- 
rected toward the hemisphere which is avoided by the apices of the high-velocity stars.'® 
The violation of this rule, if interpreted on the basis of galactic rotation, is so serious that 
a check of the proper motions presented in Table 2 appeared desirable. 
Such a check is possible at present only for the proper motions of the two stars for 
which a series of plates, taken for parallax by van Maanen in the years 1920-25 at the 
100-inch Newtonian focus, is available. Second-epoch plates were therefore taken recent- 
ly by the writer to duplicate some of van Maanen’s earliest exposures. The proper mo- 
tions of the two stars derived from two pairs of plates, measured with the large blink 
comparator, are in Table 3. The results are based on eight comparison stars of mean 
photographic magnitude 17.5. For comparison the values of wa, which van Maanen 
derived from his parallax series,'® have been added in the last line. The mean errors of 


TABLE 3 
NEW PROPER MOTIONS OF THE TWO CENTRAL STARS 


| SoutH Prec. STAr NortTH Fo.v. STar 
PLATE PAIR At 
Ha | Ha 

20714 | —0"0101 +0”"0037 +0"0014 0”0000 
19.18 | —0"0086 +0"0061 +0°0029 —0"0003 

.....| —0%0094 +0°0049 | +0%0022 —0"0002 
van Maanen...).......... | —0%007 +.001 | 

| 


a final we or ws are +070015, as determined from the residuals of the two stars, together 
with those of three other faint proper-motion stars measured on the same plates. 

The new values for the north following component show that the proper motion of 
this star is barely perceptible, in agreement with the results of the earlier observers. 

For the south preceding component the agreement between the new values of Table 3 
and those of Table 2 is poor—so poor, indeed, that one set of data must be seriously in 
error. It seems that the source of the discrepancy is a curious systematic error in Dun- 
can’s proper motions which affects one of the two stars but not the other. Its cause be- 
came obvious when the plates measured by Duncan were examined. Evidently the 
earlier of his two plates—the one taken by Ritchey in 1909—was taken in excellent 
seeing but with a disturbed figure of the mirror. As a consequence the star images 
appear elliptical with an asymmetrical intensity distribution. In measuring such 
images the observer will set the micrometer wire on the geometrical center of the ellipse 
for images of high densities, because he is unable to recognize the asymmetrical intensity 
distribution. For lower densities the point of “‘bisection’’ will be shifted more and more 
toward the center of gravity of the density distribution. The transition from one mode of 
setting to the other may be quite abrupt, depending on the gradation of the plate. This 
seems to be true for Ritchey’s plate of the nebula. Of the two central stars, the north fol- 
lowing clearly shows the asymmetrical intensity distribution, whereas the south preced- 
ing appears as an ellipse of uniform intensity. Since Duncan’s comparison stars are all 
faint—about a magnitude fainter than the two central stars—we should therefore expect 
a magnitude error for the southern component, the northern component being unaf- 


'8 At present the argument rests on the transversal component alone, since the radial velocity of the 
nebula is not accurately known. There is, however, good evidence that the latter is not very large. 


19 Mt. W. Contr., No. 356, 1928. 
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fected. The error acts in the right direction to explain the measured proper motion of 
the south preceding star since the center of the ellipse lies eastward of the center of the 
intensity distribution; moreover, the size of the error is plausible. Altogether, we have 
good reason to believe that Duncan’s value of the proper motion of this star is too large, 
How much his measures of the nebular points have been affected by the same error js 
difficult to judge at present. The final decision as to whether south preceding star and 
nebula are associated must therefore be deferred until the recent photographs in the red 
can be used for a determination of the proper motion of the nebula. 


III, THE ANGULAR RATE OF EXPANSION OF THE NEBULA 


A somewhat uncertain element in previous determinations of the distance of the Crab 
nebula has been the present angular rate of expansion. With the data now at hand it can 
be examined more closely. Since we are mainly interested in the expansion along the 
major axis of the nebula, we select from Duncan’s measured points those closest to it: 
the points 6-9 on the preceding side of the nebula, the points 17-20 on the following 


TABLE 4 


ANGULAR RATE OF EXPANSION ALONG MAJOR AXIS OF NEBULA 


Point At — as ASa 
Factor 

—0"149 +0"143 0” 2065 1325 0" 2323 

— .186 + .105 2136 1.090 2328! Mean prec. points 
— .098 + 086 1304 1.549 2020; 07234+0"014 
— .194 + .031 1965 1.371 2094 

+ .079 — .139 1599 1.443 2307 

ee ee + 111 — .110 1563 1.333 2083 Mean foll. points 
+ .142 — 1566 1.594 2496; 0”%236+0"010 
20... +0. 184 —0.022 0.1853 1.371 0.2540 


side. To obtain from the measured motions the angular rate of expansion AS, along the 
major axis the following corrections have to be applied. 

1. The measured motions have to be freed from the proper motion of the nebula and 
from systematic errors with which the measures may be affected. The proper motion of 
the nebula derived from the convergent point and the present center of the nebula should 
take care of both factors, since, according to our previous discussion, it is the combined 
effect of both. For the following discussion we adopt the values derived on page 194: 


Ma = —070221+ 070073, us = —070019+ 070063. 


2. The measured points are at different distances from the center of the nebula. The 
resulting values for the outward motion therefore need reduction to a common contour 
line. As such, the outermost contour of the filamentary system has been chosen since it 
corresponds to the tips of the emission lines on both Mayall’s and Minkowski’s spectra. 

3. Since the measured points do not lie on the major axis, a reduction to that axis is 
necessary. 

The reductions (2) and (3) were performed graphically by means of the tracing of the 
outer contour mentioned on page 190. The results in Table 4 need no explanation, except 
that the reduction factor in the fifth column represents the combined corrections (2) and 
(3). The mean values in the last column of Table 4 show that all nonradial components 
in the measured motions have been successfully eliminated by our procedure, the rate of 
the expansion being the same for points both preceding and following the major axis. 
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The final mean of the present angular expansion along the major axis is 
AS, = 07235 + 0008 per year. 


Since we found for the present length of the major axis a = 178” + 5”, we obtain At = 
758 years for the time which has elapsed since the outburst,”° if the expansion has pro- 
ceeded at the present rate. On the other hand, the mean rate of the expansion since 1054 
has been 


AS, = 0"201 + 07006 per year. 


The difference between the two values, 07034 + 07010, would be a measure of the 
acceleration which has taken place since the outburst in 1054. 

Judged by its mean error, the acceleration seems to be fairly well established. Difficul- 
ties arise, however, when we try to understand it in terms of known forces. Obviously, 
we can invoke only radiation pressure to explain an acceleration of the nebula. The fol- 
lowing two cases serve to illustrate the difficulties. 

a) Assume that the expansion has proceeded at a constant acceleration, so that the 
radius s of the nebula is given by 


S=at+ dbf, 
t being the time since the outburst. Since for the epoch 1938 we know both S, = 178” + 
5” and dS, /dt = 07235 + 07008, we have for the determination of a and 6 the two 
equations 
178 = 884(a+ 884 0.235 =a+2-884 


hence 
a= +0%168+ 07015, b= + 07000038 + 0”000014. 


To convert these values into linear measure, we adopt a Doppler component V, = 
1116 km/sec, derived from Mayall’s measures,” for the expansion of the nebula. The 
resulting equation for the velocity is 


V,=798+ 0.3609 km/sec, 


where the acceleration 1 = 0.3609 is given in kilometers per second per year. The cor- 
responding value in cm/sec? is 


A = 0.0011 cm/sec’. 


This value should be compared with the acceleration of the nebula due to the radiation 
pressure of the star in its present state. The radiation pressure of a star of radius r and 
temperature 7° is 

F=4rr'uy, 


where 
- 10-%7* erg/cm*. 


Adopting, from Minkowski’s discussion, 
r=0.02 © = 1.4 - 10%cm, T=5 10° degrees, 


20 The agreement of this value with those derived by Duncan, and by Oort and Mayall (n. 2) in an 
entirely different way shows that our value of AS, is consistent with the other data for the expansion. 


*1 This value is the mean of 9 velocities, measured by Mayall on his two spectrograms within 30” of 
the center of the nebula. Mayall’s adopted value, V, = 1300 km/sec, is probably too large, because the 
highest velocities measured seem to be associated with the irregularity (bulge) mentioned on p. 190. 
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we obtain 
F=mA= 3.8 + 10” dynes, 


which leads to accelerations, A, of the order of 2-10~*-2+10~7 cm/sec? for masses of the 
nebula between 1 and 10 solar masses (2+10%%—2-10*4 gr.). 

The radiation pressure of the present star is therefore quite insufficient to account for 
an acceleration of the nebula of the order 1-10~* cm/sec’, which disposes of our assump- 
tion that the expansion of the nebula has proceeded at a constant rate of acceleration. 

b) There remains the possibility that the ac- 
celeration took place during the months or per- 
haps years immediately following the outburst 
and that it had ceased by the time the star 
reached its present state. The growth of the 
radius of the nebula would then be of the type 
represented in Figure 1, with ¢) the date of the 
outburst as inferred from the final rate of expan- 
sion. The difficulty in this case arises from the 
fact that, according to Duncan’s measures, the 
4 time difference between ¢) and the true date of 
the outburst amounts to about 100 years. Since 
it is obvious from Figure 1 that the acceleration 

panding nebula with initial acceleration. is still near its maximum value at the time to, the 

bolometric intensity of the star 100 years after 


the outburst must have been at least 10°-10‘ times as high as at present to explain the 
observed acceleration. This is highly improbable because it implies that the Crab 
nebula, after its decline below the sixth magnitude in 1056, was again a naked-eye object 
of apparent magnitude 0 some 100 years later. There seems to be only one way out of 
these difficulties, namely, to assume that the measured rate of the angular expansion is 
too large and that the resulting acceleration of the expansion is spurious. To settle this 
question, as well as that of the proper motion of the nebula, we shall have to wait until 
the recent red photographs can be used for a redetermination of the motions. ___ 
In the meantime it will be best to use the mean rate of angular expansion AS, = 
0”201 for determining the distance of the nebula. This value, together with a radial 
component of V, = 1116 km/sec, leads to a distance modulus m — M = 10.35. 


Radius 


to Time 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 


June 1942 


‘im 
: 
: 


THE CRAB NEBULA* 
R. MINKOWSKI 


ABSTRACT 


The central star of the Crab nebula is probably the south preceding of the two stars near the center 
of the nebula. The spectrum of this star is continuous, The nebula consists of two parts with different 
spectra. The filaments on the outside of the nebula produce emission lines of H, He1, Het, [N ul, 
(01), [O m1], [Om], and [|S m1]. The hydrogen lines are faint. The spectrum of the main diffuse nebu- 
losity is continuous except for a faint discontinuity at the Balmer limit. The continuous spectrum con- 
tains practically the entire energy emitted by the nebula. Its intensity distribution deviates from that of 
a black body; the color temperature is about 8400° at \ 4500 and about 6700° at » 6000. 

In the absence of absorption in the nebula the continuous spectrum cannot be due to scattering and 
must be a true emission spectrum. The only physically justified assumption is that the continuous spec- 
trum is produced by free-free and free-bound transitions of electrons in the highly ionized gas. On this 
basis the observed intensity distribution in the continuous spectrum of the nebula finds a satisfactory 
explanation. The analysis leads to an electron density of the order 10% cm~ and an electron temperature 
of the order of 50,000°. The mass contained in the nebula is about 15 solar masses. The hydrogen abun- 
dance seems to be low. For the central star a temperature of the order of 500,000° is obtained, a radius of 
0.020 solar radius, and a total luminosity of 30,000 solar units. 

A comparison with spectra of planetary nebulae indicates that the unusually high intensity of the 
{On| lines in the filaments is compatible with a high temperature for the central star. The faintness of 
the hydrogen lines may be interpreted as due to low abundance of hydrogen. 

The results as a whole support Chandrasekhar’s suggestion that supernovae of type I are due to the 
transition of stars heavier than the limiting mass into the degenerate state. Supernovae of type II might 
possibly represent this transition for stars of smaller mass. 


Little doubt remains that the Crab nebula is the remnant of the Chinese nova of 
A.D. 1054.! This object was certainly a supernova; the records of its brightness indicate 
that it was a supernova of type I.? A study of the Crab nebula, which is the brightest 
object of its kind, offers the best way to obtain information on the final stage of a super- 
nova. 

An accurate determination of those spectroscopic data essential for a theoretical 
analysis meets considerable difficulty because of the faintness of the nebula. The ob- 
servational results of the present paper have been obtained primarily with the aim of col- 
lecting data sufficient for such an analysis. The accuracy of some of them could still be 
improved, but better observations would not greatly affect the results of the analysis. 
The accuracy of the results is limited chiefly by observational and theoretical difficulties 
which at present cannot be overcome. 


THE CENTRAL STAR 


It is generally assumed that the central star of the Crab nebula—the stellar remnant 
of the supernova—is one of the two faint stars near the center of the nebula. The spectra 
of these stars are difficult to observe. The continuous spectrum of the nebula is so strong 
that, even with the 100-inch reflector, better than average seeing is needed to obtain 
sufficient contrast between star and nebulosity. So far, only one satisfactory spectro- 
gram has been obtained. The nebular spectrograph VIB, attached at the Cassegrain 
focus of the 100-inch reflector, was used with one prism and a Schmidt camera of 3 inches 
focal length. With the slit in position angle 142°, the spectra of both the faint stars near 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 666. 
'J. J. L. Duyvendak, Pub. A.S.P., 54, 91, 1942; Mayall and Oort, Pub. A.S.P., 54, 95, 1942. 
*W. Baade, Mt. W. Contr., No. 665; Ap. J., 96, 188, 1942. 
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the center of the nebula have been observed with one exposure. The features of the 
nebular spectrum shown on this spectrogram (1-1’ in Pl. XIII) will be discussed later. 

The north following star is distinctly redder than the south preceding. Because of 
insufficient contrast with the continuous spectrum of the nebula and the presence of 
emission lines crossing the spectrum, the spectral type is difficult to determine from the 
faintly visible absorption lines. Estimates between early F and early G have been given 
by various observers accustomed to the determination of spectral type from low- 
dispersion spectra. The spectrum of the south preceding star is continuous without per- 
ceptible absorption lines. Compared with that of the north following star, it does not 
admit a color earlier than that of a late B-type star; this estimate is confirmed by Baade’s 
measure’ of the color index. The absence of absorption lines seems to indicate that the 
south preceding star is of a spectral type appropriate for the central star of a nebula with 
emission spectrum. On the other hand, the spectrum, which does not extend into the 
ultraviolet in the same way as spectra of old ordinary novae,’ does not indicate an 
extremely high temperature. 

The relatively late color type of the star does not necessarily indicate that the star is 
an object of low temperature. The color temperature of some Wolf-Rayet stars seems 
to be even lower; that these stars have actually a very high temperature is not in doubt. 
Still more in point is perhaps the example of Nova Persei (1901), for which F. H. Seares‘ 
has found an average color index of +0.5; it should be noted, however, that the spectrum 
now seems to show to some degree the extension into the ultraviolet which is usual for 
stars of this kind. 

Taken altogether, the spectroscopic evidence admits, but does not prove, the conclu- 
sion that the south preceding star is the central star of the nebula. The measures of prop- 
er motion, which in the future may lead to a final decision, are still inconclusive.? The 
difficulties which the interpretation of the proper motion encounters if the star is not 
the central star, together with the spectroscopic evidence, seem to justify the as- 
sumption that the south preceding star is the central star. The following discussion will 
be based on this assumption; the consequences which would arise if this were not correct 
will be mentioned in their proper place. 

The apparent photographic magnitude? of the south preceding star is 15.9. The dis- 
tance? of the Crab nebula is 1000 parsecs. From measures of the color of B-type stars in 
the vicinity of the Crab nebula by Stebbins, Huffer, and Whitford,’ a value of 0.15 is ob- 
tained for the photoelectric color excess for the Crab nebula.’ With the ratio 8.1 of inter- 
stellar absorption to reddening,’ the photographic absorption is 1.2 mag. The absolute 
photographic magnitude of the star, corrected for interstellar absorption, is, then, 4.8. 


THE NEBULOSITY 


Baade’s photographs? of the Crab nebula taken with various types of plates and 
filters show that it consists of two masses with distinctly different intensity distributions, 
namely, an inner diffuse nebulosity and an outlying nebulosity showing well-defined de- 
tails. Observations of the spectrum by V. M. Slipher,’ R. F. Sanford,* and N. U. 
Mayall? show a continuous spectrum with double emission lines superposed. The 
duplicity of the emission lines is a consequence of the expansion of the nebula, detected 


3M. L. Humason, Mt. W. Contr., No. 596; Ap. J., 88, 47, 1938. 

4 Mt. W. Contr., No. 192; Ap. J., 52, 183, 1920. 

5 Mt. W. Contr., No. 621; Ap. J., 91, 61, 1940. 

6 Greenstein and Henyey, Ap. J., 93, 327, 1941. 

7 Nature, 95, 185, 1915; Pub. A.S.P., 28, 192, 1916. 

8 Pub. A.S.P., 31, 108, 1919. 9 Pub. A.S.P., 49, 101, 1937. 
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SPECTRA OF THE CRAB NEBULA 


The positions of the end points of the slit are marked with corresponding numbers on the spectro- 
grams and on the image of the nebula. 
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by C. O. Lampland’’ and measured by J. C. Duncan." The irregular structure of the 
emission lines suggests that they originate mainly in the outer mass of filaments. 

It seemed desirable to obtain additional observations to establish more definitely the 
character of the spectra of the filaments and of the diffuse nebulosity. The spectrograms 
2-2', 3-3’, 4-4’ in Plate XIII were obtained with the nebular spectrograph VIa, used with 
two prisms and the Rayton camera, attached at the Cassegrain focus of the 60-inch re- 
flector. Certain prominent details of the nebula can easily be identified with the cor- 
responding features in the spectrograms. It is evident that the intensity distribution in 
the emission lines is not correlated with that in the continuous spectrum. Most convinc- 
ing is perhaps the spectrogram 3-3’ which shows mere traces of emission lines where the 
continuum is strongest. Such a practically complete separation of the spectra of the 
filaments and of the inner mass can be expected only in a few selected places, as the 
nebula is nearly covered by small clouds and streaks of the filamentary mass. On the 
spectrogram 1-1’ the sky lines [O 1] \ 5577, Na 1 d 5890, d 5896, and [O 1] d 6300, A 6364 
are of uniform intensity. The nebular lines, recognizable by their irregular structure, 
disappear to the southwest of the central star where the slit enters a small dark area, 
while the continuous spectrum extends over the full length of the slit. These spectro- 
grams furnish convincing evidence that the emission lines originate in the outer mass of 
filaments and that the emission by the inner diffuse nebulosity consists of a continuous 
spectrum. 

The conclusions which can be drawn from the emission lines confirm in a general way 
Mayall’s interpretation.* The spectrograms show in many places intensity-differences 
between the two components of the lines. These are due to the fact that the red and the 
violet components are emitted by different features of the nebulosity, namely, by fila- 
ments in back and in front, respectively. In the average the red and the violet compo- 
nents show no systematic intensity difference. Absorption of light within the nebula is 
therefore faint or absent. The absence of absorption has been substantiated from star 
counts by K. Lundmark” and by Baade.” 

The distribution of intensity along all corresponding components of the bright lines 
seems to be similar. This is, of course, due to the fact that the emission lines originate in 
the filamentary mass. Only where the image of an intense filament falls on the slit can 
any emission line appear strongly. Closer inspection of the plates shows some local 
variations of the relative intensities of various lines. 

To decide how much Ha or the [N 1] lines \ 6548, \ 6584 contribute to the emis- 
sion in the Ha region visible on the spectrogram 1-1’, additional spectrograms on red- 
sensitive emulsions have been obtained. A spectrograph with a plane grating of 400 
lines per mm and a solid Schmidt camera, f/0.6, giving a dispersion of 400 A/mm, was 
used. The relative intensities of Ha and the [N 1] lines vary noticeably from point to 
point of the nebula. In the average, Ha appears with about the same intensity as 
\ 6548, the fainter of the [NV u] lines; but in certain places it is almost as strong as the 
stronger of the [.V 11] lines. The average relative intensities resemble those in the spectra 
of such planetary nebulae'* as NGC 6741 and NGC 2440, but the similarity may be only 
superficial. In these planetaries the [NV 1] and {NV 1] lines seem to have unusually high 
intensities compared to all other lines, whose relative intensities do not show any con- 
spicuous peculiarities. In the Crab nebula, however, the [NV 11! lines are not of outstand- 
ing intensity compared to the other forbidden lines, but the hydrogen lines appear 
unusually faint. 


10 Pub, A.S.P., 33, 79, 1921. 
" Mt. W. Comm., No. 76; Proc. Nat. Acad. Sci., 7, 179, 1921; Mt. W. Contr., No. 609; Ap. J., 89, 482, 
939, 


\2 Festskrift Tillagnad Osten Bergstrand, p. 89, Uppsala, 1938. 
18. A. B. Wyse, Ap. J., 95, 356, 1942. 
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In addition to Ha and the [N 1] lines, the [.S m] lines \ 6711, \ 6728 appear with re- 
markably high intensity. They are particularly strong wherever the [O 1] line d 6300 is 
strong. In these places the photographic record of the [S 1] lines on an Eastman 103 F 
emulsion is as strong as that of the [N 11] lines. This seems to represent a rather unusua] 
condition. In planetary nebulae the [S 1m] lines are distinctly fainter than those of 
[N m]. 

The wave lengths and identifications of all observed emission lines are given in 
Table 1. Reliable estimates of relative intensities are impossible, as most of the lines 
appear only faintly on the background of the continuous spectrum. 

The contribution of the emission lines to the total luminosity of the nebula is quite 
small. Estimates for the Crab nebula based on a comparison with spectrograms of the 
Orion nebula, where, according to Greenstein and Henyey,'* about 40 per cent of the 


TABLE 1 
EMISSION LINES IN THE CRAB NEBULA 


Wave Identifica- Wave Identifica 
Length tion Length tion 
[O 4959*......... [Om] 
[Ne m1] [O 101] 
Het Het 
[Ne 11] 6300... .. 
ae°........ 
......... Hy 6563....... Ha 
4686*...... . Hen 
HB 


* Reported by Mayall, Pub. A.S..P, 49, 101, 1937. 


intensity is due to the line emission, admit only a few per cent as the contribution of the 
line emission to the total brightness. As a first approximation, measures of the total 
brightness of the nebula give, therefore, the brightness of the diffuse nebulosity which 
emits the continuous spectrum. An investigation of the continuous spectrum is evidently 
of greater importance for a discussion of the physical state of the nebula than more de- 
tailed observations of the line emission from the filaments. 

A rough photometric comparison of the continuous spectrum with various stellar 
spectra has been carried out to obtain data on the intensity distribution. Between 
\ 4000 and A 5000, the continuum has approximately the color corresponding to type F7; 
between 5500 and 6500, to dKO. With the value 0.15 for the photoelectric co- 
efficient of interstellar reddening, the corrected color between » 4000 and d 5000 cor- 
responds to FO. On the assumptions that the reddening varies as 1/\ and that the 
stellar spectra have the intensity distribution of black-body spectra, the corrected 
color of the continuum between \ 5500 and \ 6500 corresponds to dGO. On the basis of 
the Greenwich spectrophotometry,'* the absolute gradients of the continuous spectrum 
are then ¢ = 1.75 for \ 0.45 uw and © = 2.2 for \ 0.60 yw; the corresponding color tem- 
peratures are 8400° and 6700°, respectively. Since the chief errors of these values are due 
to the uncertainty of the correction for interstellar reddening, even exact spectrophoto- 
metric measures would not have great value. 

The decrease of color temperature toward the red may perhaps be considered as direct 
observational evidence that the continuous spectrum is produced by free-free and free- 


4 Ap. J., 89, 647, 1939, '6 M.N., 100, 189, 1940. 
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bound transitions of electrons. For other reasons also this seems the only physically 
possible interpretation of the continuum (see p. 204). It is quite improbable that the de- 
crease of color temperature toward the red is due to interstellar reddening. In order to 
have the observed effect the reddening would have to be of the peculiar type found in the 
Orion nebula;'* but this type of reddening has so far never been observed in the general 
interstellar medium. 

For the interpretation of the continuous spectrum, information concerning a discon- 
tinuity at the Balmer limit is essential. An attempt has therefore been made to obtain 
spectrograms of this region with the grating spectrograph. Unfortunately, the spectrum 
is so faint in the ultraviolet that the night-sky bands AA 3460, 3488, 3556, and 3636 
appear superposed on the continuum. A further disturbance arises from the presence of 
Hg dd 3654, 3662, 3663 scattered from city lights. Measures on microphotometer trac- 
ings indicate the presence of a faint discontinuity, but the evidence is not entirely con- 
clusive. The average ratio of the intensity on the short-wave-length side to that on the 
long-wave-length side seems to be about 1.15. The photographic magnitude of the 
nebula has been given by E. Hubble"’ as 11.2, by Lundmark” as 9.4, and by Baade? as 
9,0. For the visual magnitude, J. Holetschek'* has obtained 8.5, C. Wirtz!® 8.1, and Lund- 
mark"? 8.5. These data are hardly accurate enough to establish a reliable value of the 
color index, but they may serve as supplementary evidence that the color index of the 
nebula is positive. For the following discussion the value 9.0 will be adopted for the 
photographic magnitude. The absolute photographic magnitude is then — 2.2. 


DISCUSSION 


The primary aim of an analysis of the Crab nebula is the determination of the tem- 
perature and luminosity of the central star and the electron temperature, density, and 
mass of the nebula. An attempt to discuss the nature of the supernova outbreak may 
then be based on these data. 

It is highly improbable that more and improved observations of the spectrum of the 
central star would permit a reasonably accurate determination of its temperature. In 
particular, it cannot be expected that spectrophotometric measures would lead to such a 
result. To the general difficulties of such measures on a faint star of high temperature 
are added in this case the presence of the strong continuous spectrum of the nebula and 
the uncertainty of the correction for interstellar reddening. The application of an in- 
direct method, fashioned after Zanstra’s method, seems to offer the only feasible way. 

Zanstra’s method is based on definite assumptions for the mechanism of excitation. 
The indiscriminate application of this method to any object with emission lines must 
often lead to meaningless results. It is evidently not permissible to apply this method in 
any of its different forms without modification to the Crab nebula, where the major 
part of the luminosity is furnished by a continuous spectrum and not by emission lines. 
It might seem possible to adapt Zanstra’s method to the filamentary mass with its 
emission lines. An unknown part of the ultraviolet radiation of the central star must, 
however, be absorbed in the inner mass. The excitation of the filaments is then caused 
by the combined action of the transmitted ultraviolet radiation from the central star 
and of the ultraviolet radiation emitted from the inner mass. Thus, the amount and 
the quality of ultraviolet radiation available for the excitation of the filaments is un- 
known. 

The better way to attack the problem is undoubtedly a discussion of the continuous 
spectrum of the main mass. If the luminosity of the nebula were produced by scattering, 
the nebula could not be brighter than the unobscured central star. Actually, the nebula 


'6 Baade and Minkowski, Mt. W. Contr., No. 572; Ap. J., 86, 159, 1937. 
7 Mt. W. Contr., No. 250; Ap. J., 56, 400, 1922. 
'’ Ann. d. Wiener Sternwarte, 20, 1907. 19 Tund Medd., Ser. I1, No. 29, 1923. 
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is 6.9 mag. brighter than the central star, and neither this difference nor any essentia] 
part of it can be ascribed to obscuration by the nebula in view of the observational eyj- 
dence for absence of absorption. Scattering is thus excluded as a source of the continuous 
spectrum, which must then be a true emission spectrum. 

In this case the temperature of the star can be determined in a way analogous 
to Zanstra’s method. In a nebula of relatively recent origin, it is, however, not self- 
evident that the energy emitted is wholly furnished by absorption of radiation from the 
central star in the far ultraviolet. Some part of the luminosity might be due to a slow 
decay of energy stored in the nebula itself. No decision on this point is possible without 
knowledge of the energy content and the total luminosity of the nebula. 


ad) THE DIFFUSE NEBULOSITY 


The total luminosity of the nebula, contained mainly in a continuous spectrum, can 
be ascertained only by an analysis which permits the determination of the energy emitted 
in the continuum outside the observed spectral range. Scattering has already been ex- 
cluded as a source of the continuum. The spectrum of the filamentary mass indicates 
that the temperatures involved are high. The presence of molecules cannot then be 
admitted. The only known physical processes which can furnish a continuous spectrum 
are thus the free-free and the free-bound transitions of electrons in a highly ionized gas. 

The physical processes which have to be assumed as responsible for the emission of the 
continuous spectrum are well known; they play an important role in planetary nebulae 
and in the interior of stars. The different effect which they seem to have in the Crab 
nebula is easily understood if some results of the analysis are anticipated. The surface 
density of the diffuse mass in the Crab nebula is of the order 5.10~* g/cm’, the electron 
temperature of the order 50,000°, and the temperature of the central star of the order 
500,000°. The low surface density—roughly one-tenth that of the sun’s atmosphere— 
and the high temperature explain satisfactorily why in the observable region of the 
spectrum the general opacity, caused by bound-free transitions in the interior of stars, is 
negligible in the Crab nebula. In this respect, the conditions in the Crab nebula are 
similar to those in planetary nebulae. The opacity caused by bound-free transitions be- 
comes large only in the far ultraviolet and thus provides for the transfer of energy from 
central star to nebula. In consequence of the higher temperature and of the probably 
low abundance of hydrogen, the opacity in the Crab nebula is, however, mainly due to 
the bound-free transitions of highly ionized heavier atoms. The energy transfer occurs 
then mainly in the region below 100 A, while in planetary nebulae the energy transfer, 
brought about mainly by photoelectric ionization of hydrogen, occurs mainly in the 
Lyman continuum below 912 A. The higher temperature in the Crab nebula explains 
why the free-free radiation contributes an essential fraction of the observed intensity, 
while in planetaries only the free-bound transitions lead to observable emission in the 
Balmer continuum (the presence of the free-free radiation with observable intensity 
being doubtful). 

An exact analysis based on the assumption of free-free and free-bound transitions as 
the source of the continuous spectrum in the Crab nebula is not possible. Insufficient 
knowledge of the absorption coefficients of complex ions makes it necessary to replace 
the complex ions by hydrogenic ions. An attempt at a complete treatment of the radia- 
tive transfer could thus give only approximative results. Under these circumstances it 
seems sufficient to derive limiting values which are easily obtained. 

Let n, and n, be the number of electrons and of hydrogenic ions of charge Z, respec- 
tively. If V is the volume and 7, the electron temperature, the intensity emitted be- 
tween frequencies v and v+dy in the free-free spectrum is 


p36 1/2 
Ji; (v) dv = Vdv, (1) 
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if, in view of the approximative character of the considerations, quantum-mechanical 
refinements are omitted. The intensity emitted in the free- bound spectrum due to 
captures in the mth level is 


5¢ 10 m 3/2 Zi 
= h(vy g—v)/kT 
where 
(3) 


is the low-frequency limit of the spectrum. The total intensity due to free-bound transi- 
tions at a frequency v, for which 


is, then, 


29 3/2 1 
s=n+l1 


Let a, be the relative abundance of the ions with charge Z, and ; the total number of 
ions per cm’, so that 
N,= 42%; ; (5) 


Introducing numerical values, we obtain for the combined intensities of free-free and 
free-bound transitions 


J (v) dv = 6.94 Sa, 
= (6) 


s=nt1 


The discontinuity at the Balmer limit may be derived from equation (6). All ions 
will contribute to the discontinuity; a series limit at the frequency R/4 of the Balmer 
limit appears, according to equation (3), for 


n=2Z. (7) 


The ratio D of the intensity on the high-frequency side of the limit to that on the low- 
frequency side is then 


3.92 10°71" 


D=1+—— 
s=2Z41 


The integrated intensity of the free-free spectrum is, from equation (1), 


27 k7\'",,, 
Ly = (— ) Znn,V. (9) 


The integrated intensity of the free-bound spectrum due to captures in the th level is, 


from equation (2), 
29 m 1/2 


(10) 


(67) 3/2 
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and the integrated intensity due to all free-bound transitions becomes 


Introducing numerical values, we obtain by adding equations (9) and (11) the total 
luminosity of the nebula 


L=1.45 3.85 - nin. V . (12) 


Actually, this value represents an upper limit for the total luminosity. It is derived 
under the tacit assumption that the nebula is optically thin throughout the spectrum. 
There are at least two regions where this is not true; consequently, the emitted intensity 
is smaller than that given by equation (12). ; 

The absorption due to free-free transitions is negligible for all except the smallest 
frequencies. For these the absorption will become exceedingly large, as the absorption 
coefficient varies as v-*. However, numerical estimates show that the fraction of the 
total luminosity in the low-frequency range where the optical thickness becomes con- 
siderable is very small. Thus the error arising from the use of equation (9) is quite 
negligible. 

It is evident that the nebula must be optically thick for frequencies greater than »,, 
if an effective transfer of energy from star to nebula is to occur by absorption due to ion- 
ization from the first level. Consequently, the contribution of captures in the first level 
will be smaller than given by equation (10). By omitting the captures in the first level 
entirely, a lower limit for the total luminosity of the nebula 


L’= 1.45 X + 0.65 X nin. V (13) 


is obtained. 
The first step of the numerical analysis is the determination of 7, either from the color 


of the nebula or from the discontinuity at the Balmer limit. 

The intensity-distribution equation (6) rises exponentially toa maximum at vanishing 
frequencies. As a consequence of this deviation from the black-body spectrum, a color 
temperature in the proper sense does not exist for the continuous spectrum. A color 
temperature obtained by a comparison with stellar spectra should thus vary with wave 
length. The observed variation may perhaps be considered as direct proof that the con- 
tinuous spectrum is due to free-free and free-bound transitions. 

Equality of the color temperature of the nebula and of a star for a certain wave 


length means that 


d log J (X) 
d(1/d) 
has the same value for both star and nebula. For the star, 
= 5X ( 14) 
where ® is the absolute gradient. For the nebula, equation (6) gives 
dlogJ(X) _ he 
Thus, from equations (14) and (15) the electron temperature of the nebula is 
1.43 
e= e ( 16) 
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The values = 1.75 for \ = 0.45 wand ® = 2.2 for \ = 0.60 u both give, from relation 


(16), the same value, 
T. = 36,000° . (17) 


The perfect agreement is evidently accidental. The value is really very uncertain but 
indicates that, in spite of the apparently low color temperature, the nebula has a high 
electron temperature. Owing to the uncertainty of the correction for interstellar redden- 
ing alone, 7, may have any value between 23,000° and 160,000°. 

The determination of the electron temperature from the Balmer discontinuity also 
cannot reach a high accuracy. The observed value D = 1.15 is not very reliable. A 
value of D close to unity will, in any case, lead to high electron temperatures for which 
T;' will vary approximately as D — 1. This, however, is not the main source of uncer- 
tainty. According to equation (8), the size of the discontinuity depends not only on the 
electron temperature but also on the relative abundance of different ions. The hydrogen 
abundance in the Crab nebula may be small; at least this is suggested by the relative 
faintness of the hydrogen lines (cf. p. 212). The uncertainty in the electron temperature 
arising from the lack of knowledge of the hydrogen abundance is so considerable that an 
exact determination of D is of relatively little importance. At first sight, this might seem 
to render the analysis valueless. Fortunately, however, the values of all other constants 
vary slowly enough to give significance to the results. 

To give a clearer picture of the uncertainties, the analysis has been carried out for two 
values of D, 1.1 and 1.2, and for different mixtures of ions. At the high temperatures 
involved, hydrogen will be practically completely ionized, helium to a high degree doubly 
ionized, and the heavier atoms in high stages of ionization. Z = 1 will thus represent 
hydrogen, and Z = 2, helium. The result is not sensitive to the abundance and the 
degree of ionization of the heavier atoms. These have been represented by ions with 
Z = 4; some justification for this choice will be given later. The mixtures used and the 
corresponding hydrogen contents X are as follows: 


a)a,=1; a2 = 0.00; a, = 0.00; X= 1.0 
b) a, = 0.90; a, = 0.09; a, = 0.01; X = 0.6 
c) a, = 0.50; a, = 0.45; a, = 0.05; X = 0.14 
d) a = 0; a. = 0.91; ay = 0.09; X = 0. 


The third column of Table 2 gives the values of 7, following from D = 1.1 and D = 1.2 
for these four mixtures. 

Except for the uncertainty of the correction for interstellar reddening, we could de- 
termine the electron temperature from the color and the hydrogen abundance from the 
Balmer discontinuity. The observed value D = 1.15, together with T, = 36,000°, would 
give X = 0. To accept this as proof for the complete absence of hydrogen would cer- 
tainly be an overinterpretation, but an unusually low abundance of hydrogen seems 
clearly suggested. 

From equation (6), 2;2,.V may now be determined based upon the value 


J (v) = 107! (18) 


for \ 4250, corresponding to the absolute photographic magnitude — 2.2 of the nebula. 
The values of m,n.V thus obtained are in the fourth column of Table 2. With these 
values, equations (12) and (13) give the upper and lower limits Z and L’ for the lu- 
minosity in the eighth and eleventh columns of Table 2. 

In spite of the uncertainty of electron temperature and hydrogen abundance, the 
values of electron density and mass of the nebulosity to be derived from the values of 
nm.V in Table 2 vary but little and thus may be considered significant. 
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Ne 


0.64 parsec. If we write 
V =4rr'6 = 1.0 X 10° , 


TABLE 2 


fainter planetary nebulae.”° 
The mass contained in the diffuse nebulosity is 


M 


V ’ 
or, with 6 = 0.1 and in units of the solar mass, 


M=8- 10 


iy 


weight of the heavy ions, us = 4 for helium, and py 


20D. H. Menzel and L. H. Aller, Ap. J., 93, 195, 1941. 


| | | | 
D X | | | Mo| L/Lo 
1.2..| |205,000°, 24 | 1600 | 1600 | 13 | 12,000 
0.6 135,000] 13 | 1300} 1100 | 14 29,000 560,000 
0.14 55,000] 4.0} 800, 15 | 52,000 670,000 | 
0 | 25,000 16! 600} 300) 13 | 56,000 690,000 | 
| | 
1.1../ 1 420,000] 33 | 1900 | 1900 | 15 | 17,000 460,000 | 
0.6 280,000 | 19 | 1500 | 1300 | 16 33,000, 580,000 | 
0.14 100,000} 5.0 900 600) 17 52,000 680,000 | 
45,000) 1.9 700 | 300) 14 | 58,000 


R 


410.000° 0.021 
018) 


The nebula may be assumed to be electrically neutral, so that 


PHYSICAL CONSTANTS FOR THE CRAB NEBULA 


Ro 


017 
016 


020 
018) 
017) 


where yu, is the atomic weight of ions with the charge of Z. With uy 


The volume of the nebulosity is not known. The average outer radius 7 is now about 


then, fora thin shell, 6 is the thickness of the shell in units of its radius. Fora thick shell, 
§ cannot exceed 3. The absence of a ring structure, partly to be ascribed to irregular 
distribution of mass in the shell, favors a large value of 6. A considerable thickness is to 
be expected, indeed, as a consequence of internal motions; a velocity-spread of only 
10 km/sec would lead to 6 = 10~*. The value 6 = 0.1 has been adopted for the following 
computations. As electron density and mass of the nebulosity vary only as 6~' and 6+}, 
respectively, the further results can hardly become wrong as to order of magnitude, 


6,800, 340 ,000° 
7,600 350,000 | 
9,900 380,000 | 
9 900) 380,000 


| 
10, 200, 390 ,000 
11,700, 410,000 
11,700 410,000 


700,000 | 0 016) 10,200 390,000 | 0.022 


owing to the uncertainty of 6. The values of 2, and n; for 6 = 0.1 are in the fifth and 
sixth columns of Table 2. They are of the same order as the electron density in the 


1 4p. J., 89, 526, 1939. 


27 for the atomic 
1 for hydrogen, the values of the 
mass in the seventh column of Table 2 are obtained. A mass of about 15 for the nebu- 
losity may seem surprisingly high, but the mass of the interstellar gas contained in a 
sphere with a radius of 0.7 parsec is about 0.1 if B. Strémgren’s” value of 3 cm~ for the 
density of interstellar hydrogen is accepted. From this point of view a mass of the order 
of several solar masses is really to be expected. Furthermore, the results of Menzel and 
Aller?° lead to masses of the order 0.1 for certain relatively bright planetary nebulae 


(19) 


(20) 
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.023 
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with radii about one-tenth the radius of the Crab nebula. On this basis a mass of about 
15 for the Crab nebula appears entirely plausible. 

It will be shown later that the mass of the central star is now about 1. The mass of 
the supernova before the outbreak was thus about 16. If at any time before the outbreak 
the star obeyed the mass-luminosity relation, its absolute bolometric magnitude should 
then have been —5. This result should not be taken too seriously; the value derived 
for the mass is really only to be considered as an indication of the order of magnitude, 
and the applicability of the mass-luminosity relation is rather questionable. On the other 
hand, the value —5 does not seem to be in conflict with observational evidence. For only 
one supernova of type I are there reliable data on the brightness before the outbreak. 
No star brighter than photographic magnitude 20.5 was present on earlier exposures of 
the nebula IC 4182 in the position of the supernova of 1937. The distance modulus for 
IC 4182 is 24.8 mag. Before the outbreak the absolute photographic magnitude of the 
star was thus fainter than —4.3. Nothing is known of the dispersions of heat indices and 
of absolute magnitudes of supernovae before the outbreak, but it is not necessary to 
ascribe excessive values to these quantities in order to reconcile an absolute bolometric 
magnitude —5 for the Chinese supernova before its outbreak with an absolute photo- 
graphic magnitude fainter than —4.3 for the supernova IC 4182. 

The energy content of the nebula—sum of kinetic energy of electrons and ions and of 
the ionization energy—obtained with the aid of the data in Table 2 is about 5.10* erg, 
with variations about as small as those of the values for the mass of the nebula. If the 
emission were not due to excitation by a central star but represented the decay of stored 
energy, the relaxation time for an exponential decay would be given by the ratio of 
energy content to total luminosity. In this way values of the order of 20 years are ob- 
tained. It is thus evident that excitation bya central star rather than stored energy is 
the source of the luminosity of the nebula. 

b) THE CENTRAL STAR 

No matter what mechanism is responsible for the emission of the continuum, the total 
luminosity ZL, of the star must be larger than the total luminosity of the nebula and 
considerably larger than the luminosity Zo», in the limited range of the spectrum 
(AX 3700-6600) that is accessible to observation. In this range, the sun emits 1.5X 10%* 
erg/sec. If the relatively small difference between the color of the sun and of the nebula 


is neglected, the absolute photographic magnitude — 2.2 of the nebula corresponds to a 
value of Loy; of 1.3 & 10° erg/sec or 350 solar units. If T denotes the effective tempera- 


ture of the star and R its radius, 
(23) 
Assuming that the star radiates as a black body, we have for its absolute photographic 
magnitude R 
My = —0.72 — 5 log 2.5 log ( €33600/7_1) . (24) 
fo) 


Solving equations (23) and (24) for R and T with M, = 4.8 and L, > 1.3 X 10%, we 
obtain” 


T> 120,000 , (25) 

R<0.042Ro. (26) 
If M, is the mass of the star in solar units, the average density is 

p> 19,000M,. (27) 


It should be emphasized that the inequalities (25), (26), and (27) are quite strong. 
The total luminosity of the continuum may be expected to exceed by a considerable fac- 


Cf. F. Zwicky, Rev. Mod. Phys., 12, 66, 1940. 
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tor that contained in the observed range. Furthermore, it is not certain that the transfer 
of energy from star to nebula is practically complete. Thus, the luminosity, the tem- 
perature, and the density will be essentially greater and the radius essentially smaller 
than the limiting values. Even these values indicate that the star is a unique object. 

Even the lower limit for the calculated temperature is above the upper limit (about 
20,000°) indicated by the color of the star. The discrepancy shows that the star does not 
radiate as a black body. This result is not surprising, but it affects seriously the value of 
a determination of the temperature necessarily based on the assumption of black-body 
radiation. Whether the temperature obtained under this assumption is too high or too 
low depends, of course, entirely on the unknown nature of the deviation from a black- 
body spectrum. In any case the temperature of the star must be higher than the electron 
temperature of the nebula. From this point of view it appears that the color may be 
less significant than the temperature obtained from total luminosity and photographic 
magnitude. 

Still higher values of the temperature result, of course, if the values L’ or L are used 
in equation (23) instead of the lowest limit Lous. The values 7’ and R’ resulting from the 
use of L’ are in the twelfth and thirteenth columns of Table 2, the values T and R result- 
ing from the use of L in the ninth and tenth columns. 7” is a lower limit for the tem- 
perature, R’ an upper limit for the radius. On the other hand, 7 and Rare not necessarily 
upper and lower limit for temperature and radius. While a major part of the stellar 
energy must be absorbed by the nebula, it is by no means certain that the absorption is 
complete. The total luminosity of the star could thus exceed not only the true total 
luminosity of the nebula but also its upper limit LZ. The values R and T may therefore 
be close to the true values. 

The spread of the values for temperature and radius is surprisingly small. The values 


L/Lo = 30,000, T=500,000°, R/Ro=0.020, p=180,000M,, 


are probably fair approximations. If, as seems probable, the hydrogen abundance is 
small, these values may even be too conservative. On the other hand, they may be ex- 
treme because of the deviation from a black-body spectrum. 

At a temperature of 500,000°, the (black-body) energy distribution of the star has its 
maximum at a frequency of 3.10'* sec! corresponding to 120 V. An efficient transfer of 
energy from star to nebula can then be produced only by photoelectric ionization of ions 
with an ionization potential of about 120 V. Hydrogenic ions with Z = 3 should thus be 
ionized to a high degree, and hydrogenic ions with Z = 4 would then be mainly re- 
sponsible for the emission in the free-free and free-bound spectrum. The actual heavier 
atoms in the nebula can be expected to be in the fifth or higher stages of ionization. 

The very high level of ionization seems to provide a reasonable explanation for the 
absence of emission lines from the spectrum of the diffuse nebulosity. The absence of 
hydrogen lines could, of course, be ascribed to low abundance of hydrogen; but the 
absence of such persistent lines as He 11 \ 4686 points clearly to a level of ionization and 
to a temperature considerably higher than in planetary nebulae. The simplest explana- 
tion of the absence of forbidden lines at an electron density of the same order as for 
planetary nebulae would be provided by the absence of ions able to emit strong forbidden 
lines. Such ions would be absent if the level of ionization were substantially higher than 
125 V, thus eliminating [Ne v| and [Fe vit], but lower than 233 V, thus insufficient to 
produce [Fe x]. A temperature of about 700,000° would meet this condition. However, 
the absence of [Ne v] and [Fe vu] from the observed lines is not conclusive proof for the 
absence of the respective ions; these lines occur in regions where their detection would be 
certain only if they were very strong. If these lines are present but unobserved, the 
level of ionization should still be higher than 55 V to exclude {O m1] lines, which are cer- 
tainly not present with noticeable intensity. A temperature of about 500,000° would 
then be appropriate. 
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Asa whole, the analysis seems to lead to a very consistent picture. While owing to the 
uncertainties of the problem too much weight should not be given to the numerical 
values, the general result that the central star is an object of extremely high tempera- 
ture, high density, and high total luminosity seems trustworthy. 

The central star, if not the one considered here, would have to be fainter than 20.5 
mag., in the absence of any other observed star near the center of the nebula. In this 
case the analysis would lead to temperatures of several million degrees. Perhaps the 
most evident difficulty would then be that even the more frequent of the heavier atoms— 
C, N, and O—would be completely ionized; it would thus become very doubtful whether 
the remaining ions could still provide sufficient absorption for an efficient transfer of 
energy from star to nebula. Difficulties of this type are absent only if the central star is 
bright enough to be observed. The assumption that the south preceding star is the cen- 
tral star thus finds some support. 


THE FILAMENTS 


At first sight, the spectrum of the filaments seems to contradict the high tempera- 
tures derived by the analysis of the diffuse nebulosity. The general level of excitation 
indicated by the spectrum of the filaments is about that of an average planetary nebula, 
and the high relative intensity of the [O 1] lines \ 3726, \ 3729 might be an indication of 
low excitation. Such an interpretation is, however, not supported by the results of a sur- 
vey of planetary nebulae with low surface brightness.”* Planetaries with high relative in- 
tensity of the [O 1] lines, such as the Ring nebula in Lyra, are relatively frequent in this 
group. None of these objects, however, has decidedly low excitation; some definitely 
have high excitation, as shown by the presence of He 11 \ 4686 and by the Zanstra tem- 
perature of the central star. Generally the {[O 11] lines appear greatly strengthened on the 
outside of the nebula. The relatively frequent occurrence of strong [O 11] lines in plane- 
taries with low surface brightness is probably to be explained as an effect of small density 
which should favor lines with very small transition probabilities. The strengthening of 
the |O 11| lines toward the outer edge might in some nebulae have to be explained in the 
same way. But it appears more likely that, as is usually assumed, the gradual absorp- 
tion of the exciting radiation is responsible. In any case it is evident that the high in- 
tensity of the (O 11] lines in the Crab nebula is not inconsistent with a high temperature 
of the central star. 

While the emission of strong [O 11] lines by the filaments finds a parallel in the emission 
of these lines with increased intensity on the outside of planetary nebulae with central 
stars of high temperature, the mechanism of the radiative transfer is not exactly the 
same in both cases. In planetaries a considerable fraction of the radiation from the cen- 
tral star is transformed into emission lines, especially into H Lyman a. In the Crab 
nebula a considerable part of the radiation from the central star is transformed by the 
diffuse mass into low-frequency radiation of the continuous spectrum. Ina different way 
in the two cases some part of the stellar radiation is thus transformed into radiation (of 
lower frequency than the Lyman limit) which can escape freely and does not contribute 
to the ionization of the outer portion. In planetary nebulae the transfer of energy from 
central star to nebula occurs mainly in the Lyman continuum. Ifa planetary nebula is 
optically thick for the exciting radiation, its outer portion is ionized and excited by 
radiation which has been absorbed and is reradiated in the Lyman continuum and in 
emission lines of the heavier atoms. Estimates of the optical thickness of the diffuse 
mass in the Crab nebula suggest that, especially as the hydrogen abundance is low, the 
optical thickness in the Lyman continuum is not large and that the energy transfer 
occurs mainly in the corresponding absorption continua of He 1 and of the heavier ions. 
The nebular spectrum of the filaments can thus be excited by radiation which has been 
transmitted by the diffuse mass; reradiated energy may play only a minor role. 


*8R. Minkowski, Mt. W. Contr., No. 657; Ap. J., 95, 243, 1942. 
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If the spectrum of the filaments is considered a low-excitation spectrum, the pecu- 
liarity is faintness of the hydrogen lines. The low intensity of Ha compared to the 
[NV 11] lines might, however, be interpreted at least partly as high intensity of the [V 1] 
lines. These lines have very low transition probabilities. It is not unlikely that they are 
strengthened by the same process as the [O 1] lines. The observations of planetary 
spectra give some suggestions of such a correlation. On the other hand, the relative in- 
tensities of the hydrogen and helium lines are not to be explained in a similar way, 
Planetary nebulae as a whole show a high degree of correlation between the intensities of 
Het lines, He 11 \ 4686, and the hydrogen lines. The photographic record shows He1 
\ 4471 always considerably fainter than H®8 and Hy. The relative intensity of \ 4471 
decreases as that of \ 4686 increases, so that \ 4471 is usually among the faintest lines 
when \ 4686 reaches a photographic intensity equal to that of 78 and Hy. In the Crab 
nebula the image of \ 4686 is definitely stronger than that of H8 and Hy, but d 4471 
appears with an intensity relative to HB and Hy at least as great as in any planetary 
nebula. In other words, the hydrogen lines are considerably fainter relative to the 
helium lines than in any other emission nebula. The possibility that this is due to the 
peculiar kind of excitation in the filaments cannot be excluded, but no support for such 
an explanation can be found from observations in other emission nebulae. It seems, 
therefore, much more likely that the relative intensities of the hydrogen and helium lines 
in the Crab nebula indicate an abnormally low abundance of hydrogen. 

d) CONCLUSIONS CONCERNING THE SUPERNOVA PROCESS 

The analysis of the Crab nebula leads directly to the conclusion that, before the out- 
break, supernovae are massive stars of low hydrogen content. Stars of this type exist in 
the galaxy, the best-known being”! vu Sagittarii. 

The relation between the present appearance and the spectrum of the nebula and the 
supernova spectrum will be traced in detail in a future discussion of the spectra of 
supernovae. A brief outline follows. The filaments offer no difficulties. They are prob- 
ably to be identified with the mass in which the [O 1j lines \ 6300, \ 6364 appearing in 
the later spectra of the supernova IC 4182 are emitted. These lines, while narrow com- 
pared to the wide bands which form the main supernova spectrum, have a width cor- 
responding to a velocity of expansion of about 1000 km ‘sec, which agrees satisfactorily 
with the velocity of 1300 km/sec shown by the filaments. The low abundance of hydro- 
gen suggested by the analysis may provide a satisfactory explanation for the appearance 
of the [O 1] lines unaccompanied by // lines. 

If the [O 1] lines of supernovae are emitted in the matter which now forms the fila- 
mentary mass, possibly the main spectrum is emitted in the matter now forming the 
diffuse mass. This interpretation meets the difficulty that the width of the emission 
lines in the main spectrum is considerably larger than that of the |O 1] lines, while the 
smaller extension of the diffuse mass indicates less rapid expansion than for the filaments. 
However, the width of the lines might conceivably indicate the velocity with which 
atoms move through a spectroscopically active zone rather than the velocity of ejection. 
Furthermore, unpublished observations of supernova spectra, to be discussed in a later 
paper, suggest a steady decrease of the velocity as a plausible explanation of the peculiar 
red shift of certain features. A reasonable working hypothesis is that the diffuse mass was 
originally the source of the main spectrum. 

The analysis of the Crab nebula confirms the interpretation of the supernova outbreak 
proposed by Chandrasekhar in 1939 at the Paris conference on novae and white dwarfs. 
He suggested that the supernova outbreak might result from the inability of stars to 
develop degenerate cores at the center, if the mass is greater than a certain critical value 


M,=5-7y?, (29) 


*4.J. L. Greenstein, Ap. J., 91, 438, 1940. 
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where » is the mean molecular weight. If the excess mass is blown off during the out- 
break, then afterward the star will for the first time be in a position to develop a de- 
generate core. This core will then expand to occupy the whole star. 

The values of the mass which have been obtained for the diffuse nebulosity show that 
the star was originally very massive and probably heavier than M3. The following dis- 
cussion of the present state of the star suggests that the present mass of the central star 
is of the order of one solar mass. The star has thus actually ejected the greater part of its 
mass. 

The small radius and the high density seem to place the central star of the Crab 
nebula clearly among the white dwarfs. On the other hand, white dwarfs are character- 
ized not only by high density but also by low luminosity. In this respect the central star 
certainly does not resemble a white dwarf. It may be assumed” that in this star the de- 
generate core does not yet occupy the whole star. The theory of degenerate configura- 
tions leads, indeed, to the conclusion that, for a star with the luminosity and radius fol- 
lowing from the present analysis, the nondegenerate gaseous parts extend more than half- 
way into the star. About 70 per cent of the mass would, however, be degenerate. Thus 
the high luminosity of the star indicates that the development of the white dwarf is not 
yet concluded. It is important to note that from the stage when degeneracy sets in at 
the center to the stage when the star is wholly degenerate the contraction leads only to a 
radius of one-half to one-third the initial radius. For this reason the mass of the star 
can be determined—within the uncertainties of the problem—from the theoretical mass- 
radius relation for the white dwarfs, and a value of about 1 is thus obtained. 

If the star is a still unfinished white dwarf with an extended gaseous fringe, a deviation 
of the intensity distribution of the stellar spectrum from that of a black body is not sur- 
prising. It is, of course, to be expected that the transformation into a degenerate con- 
figuration will become complete, possibly in the not too distant future, if 70 per cent of 
the mass is already degenerate. The total luminosity of the star should then decrease 
from the present value of the order 10,000 to about 0.01. Long before the final value is 
reached, the nebula will become unobservable. The limited lifetime of the remnants of 
supernovae as observable objects thus suggested would explain satisfactorily the scarcity 
of such remnants. The available observations are insufficient to decide whether the 
final decline of the Crab nebula is already under way. 

It should finally be noted that a low abundance of hydrogen, suggested by the 
analysis, would fit into the picture as, according to the present theory of energy produc- 
tion in stars, the exhaustion of the hydrogen is the primary reason for the transition of a 

star into a white dwarf. 

If supernovae of type I are stars of mass greater than the critical mass M3, then it is 
highly suggestive to assume that supernovae of type II are stars of mass smaller than 
M;. Such an assumption does not meet any contradictory observational evidence. In its 
favor could be cited the fact that the frequency of supernovae of type II appears to be 
six times as great as that of supernovae of type I. In the absence of excess mass, a 
supernova of type II would not necessarily have to eject a considerable fraction of its 
mass. The nebula surrounding a supernova of type II should thus be fainter than that 
around a supernova of type I. This expectation is in general agreement with the fact 
that any nebula surrounding Tycho’s nova of 1572, which was probably a supernova of 
type II, is certainly much fainter than either of two nebulae connected with super- 
novae of type I, namely, the Crab nebula and the nebula of Kepler’s nova of 1604 re- 
cently found by Baade. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
May 1942 


*® The author is indebted to Dr. S. Chandrasekhar for a letter of which this paragraph is an abstract. 
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THE SPECTROSCOPIC BINARIES 21669A AND 1669B* 
Roscoe F. SANFORD AND EARL KARR 


ABSTRACT 
Both components of = 1669 are spectroscopic binaries. The orbit of star A has a period of 4444137, 
an eccentricity of 0.25, and a; sin? i = 15.33 X 106 km; that of star B has a period of 1446047 and an 
eccentricity of 0.088. Lines of both components of B have been measured, yielding (a; + a2) sini = 


3.765 X 10®km and m2/m, = 0.883. 
The systemic velocity of A is —11.6 km/sec; that of B, — 14.6 km/sec, consistent with their being a 


physical pair. 
The lines of A are sharp, those of B shallow and diffuse, which is in harmony with the probable slow 
axial rotation of A and the relatively much faster axial rotation of B. 


In 1825, W. Struve discovered the visual double star now designated as 2 1669.! The 
two components, A and B, differ by only 0.1 mag. Their proper motions—0‘129 in 
p.a. 270° and 07120 in p.a. 282°5, respectively—are in essential agreement, so that the 
two may be presumed to form a physical system. 

In 1932 the Simeis Observatory? announced both components to be spectroscopic 
binaries. Spectrograms taken at Mount Wilson between 1924 and 1928 gave inde- 
pendent evidence of their variable velocities. 

Velocities are now available from 41 spectrograms of A and from 24 spectrograms of 


B (Tables 1 and 2). 


STAR A 


The relatively long period, 44.4 days, justified the formation of normal places to 
facilitate the least-squares solution for correcting the preliminary elements. In Table 1 
eleven mean velocities with fifteen uncombined velocities make up the twenty-six nor- 
mal places for the least-squares solution. The corrected elements with their probable 
errors are in Table 3. The residuals for the twenty-six normal places derived from the 
corrected elements are in the last column of Table 1. The velocity-curve of star A is in 


Figure 1. 
STAR B 


The spectrum of star B is of an earlier class with lines much broader and less well de- 
fined than those of star A; moreover, the lines of both components are present at ap- 
propriate phases. Consequently, less accuracy is to be expected in the measured veloc- 
ities of star B. Its elements (Table 3) are preliminary values which have had slight 
obvious adjustments. The graphical method of O. C. Wilson,* based on those spectro- 
grams on which the velocities of both components were measured, furnished an inde- 
pendent determination of the element y and gave the ratio of the masses of the two 
components. His method gives — 13.6 km/sec for y, in good agreement with the value, 
—14.6 km/sec, in Table 3; the ratio m2/m, is 0.883, indicating little difference in the 
masses of the components. Figure 2 shows the velocity-curve of B. 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 667. 


1B... Boss 3303 HD 110317, F2, 6.08 mag. | 
> 1900 12536™1 —12°28’: p.a. 306° Dist. 5”7. 
A... Boss 3304 HD 110318, F5, 5.98 mag. | | 283671 — 12°28"; ps. 306° Dist. 5:7 


2 M.N., 92, 771, 1932. 
3 Mt. W. Contr., No. 640; Ap. J., 93, 29, 1941. 
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SPECTROSCOPIC BINARIES 2 1669A AND 2 1669B 


Phase 


TABLE 1 


o-C 


RADIAL VELOCITIES OF 2 1669A 


G.M.T. 
JD 242 


(Km /Sec) 


5320 .968 
5346. 857 


5366.771 
5366. 827 
5367 .844 


5367. 147 


5370. 839 
7523 .848 
8674.733 
8681 .670 
8685 683 


8705 .672 
8707 .667 
8708 . 669 


9055. 656 
9056. 664 


9056. 160 


9063 652 


* 3D 2453. 


17.998 


39 472 


| 
| 
leone 
+1+1 | 


tn | 


| 
oO 


— 0.9 


— 0.6 


9066 .654 
9067 .658 
9068 . 685 


9067 .666 


9074. 665 
9081 .655 


9086 .653 
9087 .652 


9087 . 152 


9088 .651 
9089 .650 


9089. 150 


9091. 154 


9445 648 
0395 .063* 


0422 .026 
0422 .933 


0422. 480 


1.276 


24.356 


12.938 


Vel. | Phase Vel. 

| | (Days) | (Km/Sec) (Km/Sec) | (Days) (Km /Sec) 

| 7.073 | +1.0 | 49 || 

32.962 | -—22.6 | + 5.2 || 

| 30.017 | -—19.0 | +09 
838 | + 4.0 | 37.007 | —36.9 | + 0.9 
12.530 | 2.2 || — 

he 29.808 0.7 | — 
‘in 36.745 36 | Mmmm | 42.504 | -37.2 | — 0.3 
the 40.757 0.6 | | ie 

de- | 0.088 | -29.6 | — 1.4 
a 3707.33 | | 9090.650 |..........] 19.1 
| | | 9001.659 |..........] 

$712,689 |..........) 2.092 | -15.8 | +0.5 

9712693 | (23.385 | 18.003 | +2.8 | — 2.6 
| | | | 

or- 879.924 24.008 | —84 — 2.7 
ble 9025.712 | 25.477 | —7.6 | +1.1 | 
9039.609 | | -23.7 | - 08 

0445.830 | | - — 18 

ap- — |___—  0478.826 | +102 | —02 
loc- 11.512 | +105 | — 90.2 
ght \| | 
| 6.8 | + 2.9 | | | 
— - - 
two 
the 
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~ 1669 is a visual double star, each component of which is a spectroscopic binary, 
The respective systemic velocities, — 11.6 km/sec and — 14.6 km/sec, are consistent with 
assuming that A and B form a physical system. 


TABLE 2 
RADIAL VELOCITIES OF > 1669B 


| | 


VELOCITIES | | | VELOCITIES 
(JD) | (Days) | Prim. sae: (JD) (Days) ara Sec 
| (Km /Sec) (Km/Sec) || (Km /Sec) (Km /Sec) 
2423924. 741 | O00 | 8712.661 | 1.179 + 55.8 | 
5299.930 | 0.127 | OE facknoek. 9063 .670 | 0.235 —102.1 | +108 
5320 .921 0.671 | — 18.2 ere 9066.672 | 0.316 —110.2 | +4101 
5346.811 | 0.272 | —101.7 +112 9086.671 | 1.329 
5366.799 | 1.274 + 57.5 —106 | 9087 .667 0.865 + 13.2 | 
5367.814 | 0.829 9088 . 664 0.401 —103.6 | +101 
5370.814 | 0.908 | + 25.6 |........ 2430395.033 | 1.110 
8674.711 | 1.221 | + 468 —106 || 0422 .005 | 0.333 —102.1 + 96 
8685.656 {| 0.483 | — 71.4 Ry 0422 .993 1.321 + 46.1 
8706.656 | 1.036 | + 70.6 | —117 || 445.965 | 0.925 + 35.9 es 
8707 .652 | | 0479 1.024 +499 | — 79 
8708.651 | 0.111 | — 47.4 0479 690 | 1.059 + 51.4 | -—100 
8711.666 | 02S | — | | 
TABLE 3 
ELEMENTS 
Elements 1669A 1669B 
JD 2429089 .062 + 19114 G.M.T. | JD 2428707 .080 G.M.T. 
w or 238°8+9°6 86°8 
0.25+0.04 0.088 
25.9+0.9 km/sec 88.2 km/sec 
15.33 106 km 1.764 10% km 
my 
0.07296 
(m+ m2)? 
0.470 


my sin? t..... 
mM: 
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It is interesting to note that star A with the relatively long period, 4494137, has sharp 


lines, while B, with the relatively short period 1446047, has broad and ill-defined lines. 
A plausible explanation of this difference in line sharpness lies in the rapidity of axial ro- 


| i] | 

VEL | 1669 A | | 
| | | | 

| 


PHASE O 5 10 iS 20 25 30 35 40 45 DAYS 


Fic. 1.—Radial velocity-curve for 2 1669A based on elements in Table 3. The 26 normal places of 
Table 1 are represented by circles. Broken horizontal line shows velocity of the system. 


VEL 
KMISEt = 166986 
+100 
+50 
| 
-100 
PHASE 0.0 0.2 0.4 0.6 0.8 1,0 1.2 1.4 1.6 1.8 DAYS 


Fic. 2.—Radial velocity-curve for © 1669B based on elements of Table 3. Velocities of the primary 
are dots and of the secondary, circles. Velocity of the system shown by the broken horizontal line. 


tation which may be assumed to have the same period as the orbital revolution. The 
axial rotation of the components of B would be some thirty times as fast as that of the 
components of A, thus giving rise to far greater rotational widening. 
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NOTE ON THE INTENSITIES OF METALLIC LINES IN THE ULTRA- 
VIOLET SPECTRUM OF a? CANUM VENATICORUM 


W. S. Tal 


ABSTRACT 


A discussion of Struve’s estimated line intensities in the ultraviolet region of a? Canum Venaticorum 
confirms the author’s conclusion that 77 11 belongs to class A, while Cr 11 and Fe 11 belong to class B. The 
intensities of lines of several elements are compared with those of a Lyrae. 


In reading Struve’s paper on the ultraviolet spectra of A and B stars! the author 
noticed that most 771 lines are weakened in a? Canum Venaticorum with respect to 
a Lyrae, whereas most Cr 11 and Fe 11 lines are strengthened. This is interesting in view 
of the author’s work on the spectrum of a? CVn,’ in which he found that 77 1 varied in 
the same manner as Eu 11, Gd 1, Dy 1, Ca 01, etc. (group A) and Cr 11, Fe 0 varied in the 
same manner as H, Siu, Mg (group B). a Lyr is a very suitable comparison star for 
a? CVn, both being AO dwarfs. 

In Table 1 are listed those lines from Struve’s Table 1,* which are mainly due to Jin, 
Cr 1, or Fe 11 and which are weakened in a? CVn relative toa Lyr. The column headed 
‘*)’’ is the mean of the stellar wave lengths in both stars. If the line is present in only one 
star, then \ is the wave length measured in that star. In the fourth column the elements 
are arranged according to the importance of their contribution to the stellar intensity; 
elements inclosed in parentheses are weak contributors. The laboratory intensity is 
given in column 5 for those lines which are unblended or only slightly blended. An 
asterisk placed before the wave length means that the line does not behave in the same 
way as the majority of lines due to the same element. In Table 1 these lines are due to 
Cru or Feu. Lines marked with a triangular sign, “‘ 7,” are those chosen for obtaining 
mean intensities. The criterion will be given later. Lines marked with an x are not 
counted in forming Table 4. Table 2 lists the lines due to Cr 11, Fe 0, or 77 11, which are 
strengthened in a? CVn relative to a Lyr. 77 11 lines are marked with asterisks. “7” 
and ‘‘x”’ have the same meaning as before. The lines mainly due to 77 11, Cr 01, or Fe 1, 
which are neither strengthened nor weakened are given in Table 3. 

The two spectrograms of a? CVn employed by Struve for measuring wave lengths 
and intensities of lines were taken on May 26, 1939. Struve did not state in his paper 
at what hour the plates were taken. The author assumes them to be taken on May 27.0, 
U.T., which cannot be far from the truth.4 Anyway, a few hours’ error does not make 
much difference in the phase since the period is 5.47 days. Using Farnsworth’s formula 
for the Eu 11 maximun,,' the phase is calculated to be 3.16 days. This is the phase when 
the rare-earth lines and other group A lines, including 77 11 and Ca 11, are much weak- 
ened, and the group B lines are strengthened. Some of these phenomena are noticeable 
on Plates XV and XVI of Struve’s paper: the great strength of Si 1m 4131, 4128, 3856, 
3853, the extreme weakness of the K line of Ca, and the strengthening of Cr 11 and 
Fe 1. It must be emphasized here that the strength of Si 1m and the faintness of K are 
not entirely an effect of phase but are probably due to a real difference in abundance. 


1 Ap. J., 90, 699, 1939. 

2M.N., 100, 94, 1939; Observatory, 63, 134, 1940. 3 Op. cit., pp. 703-716. 

4 (The plate was actually taken on 1939, May 27.1 U.T. when the Eu 11 lines were weak.—Ep1tor.] 
5 Ap. J., 75, 364, 1932. 
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Even at the opposite phase (Eu 11 maximum), Si 11 would still be stronger and K weaker 
ina? CVn than inaLyr. Miss Maury‘ noticed these facts when she was classifying stellar 
spectra. 

P At the opposite phase the double line at \ 4130 (Si 1 4128 and 4131) would become 
a quadruple line by the addition of Eu 114130 and Gd 1 4132; and the ultraviolet 


TABLE 1 


LINES WEAKENED IN a? CVn RELATIVE TO a LYR 


INTENSITY 


LABORA- 
a? CVn | a Lyrae | 
73317 .92.. | Ti u, (Fe 11) 10 
7 3321.72. 2 Ti u, (V 11) 25 
*3325.67 1 Fe 1 
V7 3326.88 1 2 Ti u 20 
V 3332.15 In 2n Tiu 30 
V7 3340.27 2 Ti 35 
773341 .83 3 Ti 100 
7 3343.91 2 Tiu 10 
3352.50 In Tiu 5 
3361.54 2 4 Ti u, (Cru, V 1) 125 
3362.60 0-1 Tiu 1 
3366.24 1-0 Ti u, (Fe 1) 8 
*3367 83 2n 3 Cru, (Cr 11) 150 
3372.83 4 Tiu 100 
3383.90 1 5 Tiu 125 
V *3391.31 1 2n Cru, (Fe 11) 60 
x3394.51. 2 3n Tir 
*3414 21. 0-1 Fei 
V7 3444. 23 1 3 Ti 30 
V7 3461.65 1 | 2 Tiu 20 
3465.82 1 Ti (Ni 11) 
OF 1-0 2 Ti, (Ti 11) 15 
2 Ti, (V 11) 80 
1-0 | 1 Ti 60 
V3596.07 ere 1 Tiu 50 
3641.31. . 1-0 1 Ti u, (Fe 1) 100 
V *3651.64 1 Crit 8 
*3677 62 2 Con Crum: 
3685 09 2n 5 Tiu 250 
73705 .90 3 Cam, Tem j- 
3758.16 1 2 Ti, (Fe1) 30 
3761.60 3 4 Tiu, (Tiu, Cru, Crt) 
3775.68 1 Ti 6 
\7 3900.60 1 3 Ti 70 
7 3913.52 Ti u 60 


spectrum of a? CVn would probably become more complicated by the addition of many 
more rare-earth lines. At the phase of 3.16 days, all rare-earth lines are very weak, so 
they do not appear in Struve’s list. » 3930.24 and \ 3819.41 should be attributed partly 
to Eu ut: Fe1 is weaker in a? CVn than in a Lyr. \ 3725.03 is partly due to Eu 1, too. 
At the opposite phase all these three lines would be much strengthened and be mainly 


6 Harvard Ann., 28, 97, 1897. 
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TABLE 2 


LINES STRENGTHENED IN a? CVn RELATIVE TO a LYR 


INTENSITY 
a? CVn | a Lyr 
1 Feu, (V 1) 
5 4 Feu, Cru, Fe ii 
1 Fei 
2 Cr, (Cr 11) 
1 Ti 11, (Cr 11) 
1 | Cru, Cru, (Fe 11) 
2n 1 Cru, Cru, (Fe 11) 
Ps! 6 | 4 Tiu, Feu, (Cru, Ti 1) 
3 | 2 Tit 
1 | Ti u, (V 1) 
4 1 Cru, Ti, (Cr, Si) 
V73342.42. 3n | 2 
73347 .92. 3 | 1 | Crit 
| 1-0 |........ Feu 
V3357.33. | 2 | 1-0 Cr it 
3369.35. Cru, Feu, Crt, (Ti 11) 
43372 .31. 2n_ | 1 Cru, 
V3376.45. . 2 Cru 
V7 3378.29. . 1 Cri 
3381.45. . 1 Feu 
3382.60... Cru 
V3393.19.. 1 Crit, (V 11) 
x3402.24.. 1 | 1-0 Cru, Tiu 
V3415.73.. | Fen 
3421.13.. 3 2 | Crit 
3424.39. . EO | Fei 
$430.36..... | Cru, Fer 
7 3436.38. . 2 | Feu 
3449 39... 1 Feu 
3451.22... | Feu, Feu, Cru 
73458. 89. . 1 0-1 Crit 
2 | O-1 | Feu, (Crit, Fe) 
3466.86. . Crit 
3468.67. . | Fer 
73470.77.. | Cru, (Nim) 
1 
V3475.41.......| 3 2 Cru, (Fem, 
3478.34.......| | Cra 
1-0 | Cru, (Fem) 
| Feu, Cri 
3507.85.......} 2n 0-1 | Fen (Fen) 
*3561.18.......| Ti u, (V 11) 
23566.18....... | 2 Tiu, Feu, (Feu, V it) 
6 3 Cru, Crit 


3585.40... 


LABORATORY 
INTENSITY 


20, 12, 1¢ 
70 


= 
0 
—— 
7 
2 
30 
20, 18 
2 
15.6 
) 
| 
2 
50 
30 
18 
4 
5 
20 
4 
60 
1 
me 
eee 2, pr 
1 
| 
: | 
8 
5 
1S 
15 
10 
2 
10 
3, 
3,1 
30 
40 
i 3 
60, 40 
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TABLE 2—Continued 


INTENSITY 
LABORATORY 
IDENTIFICATION 
| INTENSITY 
a? CVn | a Lyr | 
*3587.23....... 1 | 10 | Tin 12 
3603; 80. ...:.. 5 | 1 | Crn, Cen, Cru 30, 15, 10 
V3614.96....... 1 | Fen 5 
2 1 | Tim 70 
4 | Cru, (Crit, Fe 1) 50, (25) 
| Cru, (Sc m1) 8 
47... 1 Cri 12 
3713.38. ......] 3 Cru, Cri, V1 20, 18 
Tae: 3 2 | Tiu | 50 
2 | Fen 4 
3781.97... 1 | Few 1 
V3783.53... 1 | Feu 4 
3814.23... 3 | Feu, (Ti) 4, (4) 
3822.10... 1 Feu pr 
3905.92... 3 2 | Cru, Fe 18,5 
3914.07. . 2n Fem, (V 11) 2 


due to Eu, and Eu 11 3907 would also appear as a strong line. There are no strong 
Eu lines with wave lengths shorter than \ 3724.’ 3872.59 and \ 3898.54 are partly 
due to Dy 1. 3908.39 and Xd 3918.54 are possibly due to Ce 11. At the opposite phase . 
other lines due to Gd, Dy u, Ce 11, 7b 11, and Sai would appear in the ultraviolet 
region investigated by Struve. 

Tables 1, 2, and 3 are summarized in Table 4. In general the 77 11 lines are weakened 
in a? CVn with respect to a Lyr at the spectroscopic phase 3.16 days, whereas Cr II 
and Fe 11 are strengthened. It would be interesting to see whether at the opposite phase 
(Eu 0 maximum) 77 1 is strengthened and Cr u, Fe 11 weakened relative to a Lyr. The 
most direct way to settle the point is to take spectrograms of a? CVn and a Lyrae in the 
same region, when the former is at the opposite phase and compare line intensities in the 
two stars. Unfortunately, there is at present no facility for photographing stellar spectra 
at this institute, owing to war conditions. 

That the behavior of Cr 11, Fe 11, and 77 11 as indicated by Struve’s measurements is 
at least partly an effect of phase can be shown by comparing their intensities with the 
intensities of the variable lines in the photographic region due to the same elements as 
measured previously by the author. Only those more or less unblended lines in Tables 1 
and 2 whose laboratory intensities lie within the limits: 


10-100 
4— 60 


are chosen. The lines in the photographic region chosen for this comparison are 


Ti 1: 4290.23, 4300.05, 4301.93, 4367.68, 4399.78, 4563.77 
Fem: 4178.86, 4233.17, 4303.18, 4385.39, 4520.23 
Cr: 4242.38, 4558.65, 4588.21 (laboratory wave lengths given) 


7King, Ap. J., 89, 377, 1939. 
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Although the number of lines used, the average laboratory intensities and average 
excitation potentials do not quite correspond to one another in the two spectral regions 
one sees from Table 5 that the relative intensities of the three elements in a? CVn in 
the ultraviolet region do correspond to those in the photographic region at Eu 1 mini- 


TABLE 3 
LINES WHICH ARE NEITHER STRENGTHENED NOR WEAKENED 


Intensity Identification | 
| Intensity 
1 | (het) 12 
2 | Feu 3 
2 | 15 
3 (Fe 11) 75 
¥3380.08...... 3n Cru, (Gri) 
1 | Cru, Fem 15, 4 
3 Crit 100 
| 3 | 150 
3490.88... 1 Tiu, Fer 10, 100 
3493.37... | 1 Feu, (V 11) 10 
3499.91... 1 Feu 4 
1 Ti 11, (V 11) 20 
Ci 1 Cru, Fe1 3, 100 
x3613.34.. 1 Sem, Cru, (7+ 1) 
1 Cru; 5, 100 
| 3 V ur, Crit, (Fe 1) 
et 3 Ti 11, (Fe 11) 200, (6) 
2 | Fen 4 
2 Feu, (Feu, Fe1) 4 
2 | Cru, (Fer) | 20 
TABLE 4 
BEHAVIOR OF Jit, Feu, AND Crit IN a? CVn 
| 
Tiu | Feu | Cru 
No. of lines strengthened in a? CVn rela-| | 
No. of lines weakened. . 4 
Neither strengthened nor weakened... | + 5 7 


mum. At the opposite phase one would expect 77 11 to be at least equal in intensity to 
Cr uand Fe u, if not stronger. The result of this comparison can be taken to confirm the 
author’s previous assignment of 7i 11 to group A and Cr ut, Fe 1 to group B of the vari- 


able lines in a? CVn. 
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The following points are also shown by Struve’s list of ultraviolet lines in a? CVn: 

1. Cau and Fe {are definitely weaker in a? CVn than in a Lyr. Cam (Fe 1) 3736.95 
is absent in a? CVn. The Mg1 triplet \\3829, 3832, 3838 is also absent in a? CVn. 
There is slight evidence that Sc 11 is also weakened in a? CVn relative to a Lyr. 


TABLE 5 
MEAN INTENSITIES OF CHOSEN LINES DUE TO Jiu, Feu, AND Crit IN a? CVn 


| 
Tiu Feu | Cru 
{No. of lines used 6 5 | 3 
| Average lab. intensity 34 | 7 13 
Photographic region... . . Average e.p. | 1.42v 2.68v 3.99v 
Intensity (Eu 1 max.) 3.5 3 3 
Intensity (Eu 1 min.) | 2 | 5 5 
(No. of lines used 20 | 11 | 23 
| Average lab. intensity 22 
Ultraviolet region....... | Average e.p. 0.59v 2.58vt 
| | Intensity (a Lyr) 2.0 0 0.6 
ppoemernd (a? CVn) 0.85 | 1.4 1.6 
| 


* This is only the lower e.p. of A 3783.53. No literature containing the e.p. of the other 10 lines is at present 
available to the author. 


t This is the mean e.p. of 10 of the 23 Cr rlines. The author cannot find references for the other 13 lines. 


2. Sim is strengthened in a? CVn relative to a Lyr. There are not enough data to 
bring out the behavior of V 1, Mu, Y 1, Niu, Com, and Crt. 

3. The last visible member of the Balmer series in a? CVn is Hi, that ina Lyris Ho. 
Barbier and Chalonge* found that for a? CVn, Balmer jump, D = 0.29, whereas for 
a Lyr, D = 0.495. 
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ANALYSIS OF THE MILKY WAY IN OPHIUCHUS 
AND NORTHERN SAGITTARIUS 


ROBERT H. BAKER AND LOIS KIEFER 


ABSTRACT 


The analysis of this section of the Milky Way is based on star counts to magnitude 15, color excesses of 
stars determined at two centers, and published counts of extragalactic nebulae. The obscuration js 
ascribed to two cloud systems: the first at the distance of 200-300 parsecs, which is chiefly responsible 
for the complex appearance of the Milky Way in this region; the second at 1000-2000 parsecs, which may 
include more than one cloud layer. In general the star- density functions decrease with increasing dis- 
tance from the sun. In two directions, however, we find star clouds whose densities exceed that near the 
sun: one congestion eee in the Scutum cloud at the distance of about 2000 parsecs, the other in the 
vicinity of the little § Sagittarius cloud at about 200 parsecs. As in the previously studied Aquila section, 
our conclusions concerning the obscurations and densities at the greater distances are considered pro- 
visional, pending the extension of counts and colors to fainter stars. 


This is the second of some studies of the Milky Way in the vicinity of the Great Rift, 
which are in progress at the University of Illinois Observatory. The region discussed in 
the present paper lies between —7° and —19° in declination and between 15"40™ and 
20°40™ in right ascension; it extends from +30° to —30° in galactic latitude, and its 
mean galactic longitude is about 340°. This region contains the Scutum cloud and the 
little Sagittarius cloud. 

THE STAR COUNTS 

All the plates for the counts and colors were taken at the University of Illinois Observ- 
atory with the 4-inch Ross-Fecker camera, 28 inches in focal length. The scale of the 
plates is 290’ per millimeter, or about 2° to the inch. The plates used for the counts are 
Cramer Hi-speed Special, size 8X10 inches. They are taken in pairs on each of 37 centers 
from 4 to 5° apart: one with 10 minutes’ exposure for counting from limiting magnitude 
9 to magnitude 13, the other with 60 minutes’ exposure for magnitudes 11-15. The counts 
on each plate are confined to an area having a radius of about 4 around the center of the 
plate. 

The method of counting is the same as that described in an earlier paper.' Magnitude 
standards for calibrating the reference scale are available on plates containing Selected 
Areas 132-36 and are carried by overlapping plates to the remainder of the region. 
Standards for the fainter stars are taken from the Mount Wilson Catalogue,’ those 
for the brighter stars are brought from the North Polar Sequence* by means of pairs of 
plates similarly exposed and developed, one centered on the pole and the other on the 
area. No corrections are made to the counts for distance from the center of the plate or 
for any other reason. 

In preparation for the analysis the part of the region between galactic latitudes +25° 
and — 15°, where cloud patterns appear, is divided into areas arbitrarily lettered, in each 
of which the surface distribution of the stars seems fairly uniform and different in density 
from that of the surrounding divisions. In addition, the entire region is divided into 
zones at 2.5° intervals of galactic latitude, and the parts of the region which are not in- 
cluded in the lettered areas are identified by the latitudes of their zones. This arrange- 
ment is shown in Figure 1, with the omission of the higher-latitude zones which contain 
no areas. 

1 Harvard Circ., No. 424, 1939. 

2 Pub. Carnegie Inst. Washington, No. 402, 1930. 3 Trans. [.A.U. , 1922. 
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Table 1 shows for each division of our region the values of mean log N(m) for magni- 
tudes 9.0-15.0. Before the analysis of the counts is made, these are converted to log A (m) 
at magnitude intervals from m = 9.5 tom = 14.5, where A (m) is the number of stars per 
square degree between m — 3 and m + 3. 


THE COLORS 


Color excesses for spectral classes B8-A7 are determined in two parts of the region: 
(1) in areas R and S at —5°, in the Scutum cloud; (2) in areas G at 0°, I, K, L at —2.5°, 


6-20 

@m> 2 

° 340° 338° 330' 


Fic. 1.—Amounts of obscuration in the two cloud systems. Area I is the little Sagittarius cloud; 
areas R and S, the Scutum cloud. 


M at —5°, and the zone at —7.5°—all in the vicinity of the little Sagittarius cloud, 
which itself is area I. 

Blue magnitudes were measured on Cramer Hi-speed Special plates with 5 minutes’ 
exposure, and red magnitudes on Eastman 103E plates with 50 minutes’ exposure behind 
a ciné-red filter. Four blue plates and four red plates were employed in each part, cen- 
tered respectively in right ascension 18"45™, declination —8.0°, and right ascension 
18'21™, declination —15.7°. To obtain standards for red and blue magnitudes, the plates 
at these centers are paired with similarly exposed and developed plates centered on the 
Harvard Region C10,‘ with the exception of one plate in the Scutum area which is paired 
with a plate of the north polar region.° 


* Harvard Ann., 89, No. 8, 1937. 
5 Harvard Ann., 89, No. 5, 1935. 
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TABLE f 
MEAN LOG N(m) FOR THE DIFFERENT DIVISIONS 


TIONAL 
Osscv- 


AT 2000 


| RATION 


| 


LimITING MAGNITUDE 


New 


~ ~ 


MOOMMMNAON 


Dar > 
SAA 


WIN 


9.0 


SAA SAAR S SRSA RL 


AREA 


IN 
SQUARE 


DE- 


GREES 


Lonci- 


TUDE 
OF 


CEN- 


TER* 


ZONE 


AREA 


| 


* All galactic co-ordinates in this paper are referred to the conventional pole at right ascension 12540™, declination +28°. 


on | om | | 
AR- | 
| 10.0 | 11.0 | 12.0 | 13.0 14.0 | 15.0 | SECS | PaRsEcs 
+30° | 325° | 29 | ( | | | 
+27.5 | 327 45 1 1 | ¢ eee 
+25 328 48 1 1 | 
4+22.5| 330 41 1 1 | 
c | +22:5| 334 7 1 | 
i +20 334 17 1 1 1 
ee ce +20 334 12 ( | 0 1 1 
C | +17.5}| 331 10 0 1 } 1 
os N | +17.5| 341 | 6 0 0 1 | 1 
+17.5| 334 20 0 1 1 | 1 
+15 | 334 7 0 1 | ( 
| +15 332 5 9 ie 1 1 
E | +15 333 5 0 | 1 1 0 
a N | +15 341 18 0 | 1 1 ie 1 
E | +12.5] 336 23 0 1 1 | 1 1 
N | +12.5 |] 342 8 0 1 1 
a D | +10 334 12 0 1 ifm | 2 g 1 
— E | +10 338 10 0 1 ifm | 2 } 1 1 
N | +10 344 14 0 | 2 
D |+7.5| 337 10 0 1 | 2 ( 
oo - G + 7.5 340 9 0 1 1 2 1 | 1 
hs N |+7.5]| 345 11 0 1 1 | 1 2 | 2 
D/|+5 337 7 | 0 1 1 
G 339 11 | 0 1 2 | 2 
M {+5 343 3 | 0 2.03:| 1 2 
N/i+5 346 13 0 1 | 1 
xX [+5 335 6 0 1.) 2.13) 2 2 
F |+2.5| 340 5 0 1 2 2.34|2.65| im | 1 
G |+2.5! 339 14 0 1 2.16; 2.43/ 1) 2 
M | +2.5| 345 6 | 0 1 1.96|2.28| | 2 
N |+ 2.5] 348 12 | 0 1 1 2 | 2 
G 0 346 12 | 0 1 2.26 | 2.57] 1 1 
K 0 | 343 8 | 2 2.48) 2.77] 1 1 
M 0 349 8 | 0 1 1m) 2.04 | 2.32] 2 1 
N 0 350 3 | 0 0 1 156 | 193| 1 
H | —2.5| 342 2 2 2.72 | 3.06| 0 | 1 

I |—2.5| 341 4 | 2 2.86|3.18| OM | 1 

|-2.5| 346 5 | 0 1 240/266) | 1 
K |—2.5| 343 11 | 1 2 2.59/2.92| 1 
L | —2.5] 346 7 | 1 2 2.67| 3.04] 1 0 
M | —2.5| 350 8 0 1 1. 1.96 | 2.29]; 1 
Y | — 2.5] 351 6 | 0 1 1.80/ 2.30/2.64/ } 
K |-5 bas 9 0 2.12 | 2.52} 2.81] | 1 
349 8 0 1 1.65} 2.07| 2.38| 1 
R |-5 354 7 2 2.38 | 2.89 | 3.18 1 
—. Ss |-5 352 8 0 1 2.13 | 2.61 | 2.94 | 1 
ce — 5 345 3 0 1 1.86 | 2.39 | 2.68 | 0 
oe —7.5| 347 16 om | 1 1.90 | 2.33 | 2.68 | | 0 
a Q |-—7.5] 351 2 0 1 1.77 | 2.20 | 2.53 | 0 
ee? S |—7.5| 353 13 0m) 1 2.15 | 2.61 | 2.98 | | 0 
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Osscu- | AppI- 
LonGI AREA 
LimMItING MAGNITUDE RATION | TIONAL 
AREA Zone 500 | RATION 
TER* GREES Par- | at 2000 
9.0 10.0 | 11.0 12.0 13.0 14.0 15.0 SECS | PARSECS 
P —10° 346° 5 0.37 | 0.81 | 1.18 | 1.64 | 2.08 | 2.56 | 2.92 0"7 0™5 
U —10 352 1 0.15 | 0.61 | 1.10:| 1-76 12:33 0.8 
—10 350 22 0.26 | 0.74 | 1.10:| 1:57 | | 2.42 72 1.0 0.8 
—12.5 351 15 0.31 | 0.78 | 1.15 | 1.62 | 1.96 | 2.42 | 2:72 0.8 0.7 
T —12.5| 351 of 0.32 | 0.82 | 1.23 | 1.68 | 2.06 | 2.49 | 2.90 ey Sal Sere 
—15 | 352 31 0.25 | 0.74] 1.16} 1.58 | 1.94) 27.361 2-71 0.8 0.3 
—17.5 354 37 0.28 | 0.72 | 1.12 | 1.55 | 1.91 | 2.28 | 2.59 Sel ee 
—20 | 356 38 0.33 | 0.68 | 1.10 | 1.53 | 1.89 | 2.30 | 2.58 Se So 
| 34 | 0.27 | 0.72.) 0.05 | 2.471 
—25 | 358 30 | 0.27 | 0.67 | 1.03 | 1.47 | 1.79 | 2.18 | 2.50} 0.7 |....... 
—27.5| 359 31 | 0.30 | 0.68 | 1.07 | 1.52 | 1.82 | 2.18] 2.51] 0.5 |....... 
— 30 | 359 32 | 0.24 0.60 | 1.06 | 1.491 


Spectral classes of the brighter stars are taken from the Henry Draper Catalogue, and 
those for the fainter stars, mostly between magnitudes 10.0 and 11.0, are as determined 
by Schalén.® The color excesses and distances of these stars are determined as described 
in our previous paper.’ Color excesses based on Schalén’s spectra are systematically 
smaller by 0™1 than those based on the HD spectra. This might well be expected, for 
most of the Schalén stars are his class AO, which, as he points out, always includes the 
HD B9 and usually B8. We have accordingly increased the color excesses for the Schalén 
stars by 0™1. Color excesses thus determined appear in Table 2. 

Results of the color determinations are shown in Figure 2, in which photographic ab- 
sorption, K = 3 X color excess, is plotted against distance from the sun. These points 
are represented by the accompanying curves, which appear to show the presence of a sin- 
gle absorbing cloud within the range of distance of the measured stars. The obscuration 
occurs at a distance of around 300 parsecs and its amount in each case is well determined. 
It seems impossible to represent the plotted points by use of a constant coefficient of ab- 
sorption. 

ANALYSIS OF THE STAR COUNTS 

The analysis of the star counts, made with the usual (m, log 1) tables, indicates ob- 
scuration by two cloud systems: one relatively near by, the other at a distance of 1000- 
2000 parsecs. The distance of around 300 parsecs for the near-by cloud is required by our 
colors in the divisions from 0° to —7.5°. Absorption introduced before the 300-parsec 
shell of the (m, log m) tables produces satisfactory fits with the counts for the southern 
divisions. For northern latitudes, however, the best result is obtained by placing the ab- 
sorption before 200 parsecs. The only exception is area R; here the distance of 500 par- 
secs, as indicated also by the colors, produces a somewhat better fit in the counts. The 
southern part of the region is not far from the previously studied Aquila section,® where 
the nearer cloud is at 500 parsecs, while the northern part is in the neighborhood of the 
Ophiuchus dark cloud, which is generally supposed to be at 200 parsecs or even closer. 
The amounts of obscuration by the near-by cloud introduced in the analysis were guided 
by our colors in the low latitudes and by Hubble’s® nebula counts in the high latitudes, 
where the presence of a more distant cloud is unlikely. 


® Upsala Medd., No. 61, 1935. 8 Ap. J., 94, 493, 1941. 
TAp. J., 94, 485, 1941. 9 Mt. W. Contr., No. 485, 1934. 
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The amounts of absorption produced by the second cloud system are frequently not 
well determined from our data. Particularly in the heavily obscured areas the adopted 
absorption is the minimum required to fit the star counts; the distance used is that which 
produces the best fit in the analysis of the counts. For latitudes from —30° to —2.5° a 
distance of 2000 parsecs is employed, as in the Aquila section; for the remainder of the re- 


TABLE 2 
COLOR EXCESSES 


| 
Mean Color Dis- || | Mean Color | Dis- 
| Red Excess | tance | Red Excess | tance 
Mag. | (Mag.) (Parsecs) || Mag. (Mag.) (Parsecs) 
= 
| 
Areas K and L at —2.5° | Area R at —5° 
(14 | +0.03| 400 5 -—0.10] 420 
B8-B9...... 429 | 9.4 + 11 630 || B8&-B9.. 16 9.5 + 04) 720 
45 | 101} + 02) 960 | 13 10.5 | + .03 | 1260 
(8 |} 81 00 290 9 93) + 440 
115 92; + .21) 360 || AO 415 10.3 + .10 700 
AO 
| 10.0; + .10 600 10.9 + 15) 870 
| (43 10.7 | + .10; 830 \2 7 9.9 + 16! 380 
A2-A7 | + .20| 230 10.7) + 550 
\11 | + .33 330 
| 
Area G at 0° Area S at —5 
8 9.3) + .23 | 320 | 15 8.6 + 03 480 
15 10.7; + 630 | B8-B9.. | 430 96 + 720 
10.2 — .02 1050 
| 13 8.8 + 13 330 
Area I at —2.5° oe «20 97 + 17 480 
40 104 + 10 720 
A2 14 9 6 + .20 320 
9.0 — 02 630 A3-A7 97 + 30 240 
10 | 10.0 — 05 960 
AQ-A2...... 16 10.5 + 02 720 
| | 
Area M at —5° Zone at —7.5° 
B8-B9...... 9 98) +039) 500  B8-BO......| 12 | 99) + 520 
AO 8 | 11.0 +0).17 870 


gion a distance of 1260 parsecs produces a better fit in the analysis, with the exception of 
the heavily obscured areas N and M. The absorption in area N appears to set in at 800 
parsecs and so heavily that our counts cannot show what occurs beyond. Area M lies be- 
tween area N and the rest of the region. In that part of M which is included in the +2.5° 
and +5° zones the counts seem to require absorption at 800 parsecs and also at 1260 par- 
secs. This might mean that there is a third absorbing cloud at a distance of 800 parsecs in 
area N and the above-mentioned part of M and that this cloud thins sufficiently in M to 
show the 1260-parsec cloud; or the effect might be due to a thickening of the 1260-parsec 
cloud which brings it into the 800-parsec shell. 


; 
‘ 
— 
| 
| 
4 
| 


1 
) 


MILKY WAY IN OPHIUCHUS AND SAGITTARIUS 229 


In our determinations of color excesses in different parts of the Milky Way we have 
frequently noticed that where obscuration is heavy the absorbing cloud appears closer 
than it does in adjacent regions with lighter obscuration. In the region now under dis- 
cussion we seem to find the same effect in the analysis of the star counts. In the heavily 
obscured area N a cloud at 800 parsecs is required rather than the 1260-parsec cloud of 
neighboring divisions. 

The amounts of obscuration by the two cloud systems in the different divisions are 
listed in the last two columns of Table 1 and are illustrated by the shadings in Figure 1. 
It will be understood that the figure includes only that part of the region in which the 
cloud patterns appear and that the obscurations represented at 500 and 2000 parsecs are 
frequently produced by dark clouds at somewhat smaller distances than these. It will be 
noticed that the areas are produced by irregularities in the nearer cloud system, with the 
exception of areas L, P, and T, which 
are formed by openings in the more dis- 
tant cloud. This distant cloud system 
is fairly symmetrical in density with re- f AREAS K, L 
spect to latitude +5°, around which the r 
maximum occurs. Areas R and S have} 
approximately the same amounts of ob- gs ~ 
scuration; the higher star count in R, ; 
which originally separated it from S,is “[ 
owing to the higher values of the star “> 


densities. 
ao + / AREA S 


THE DENSITY FACTORS 
Table 3 contains the density factors = 
which, in company with the adopted * 
values of the obscuration, best repre- Fic. 2.—Photographic absorptions derived from 


sent the star counts. The factors, color excesses. 

D(z), in the upper part of the table 

show the star densities in latitudes 10°-30° relative to unit density at the same 
height, , above the galactic plane in the direction of the galactic poles. The region from 
—10° to — 30° is contained in longitudes 340°-0°. Here the mean value of D(z) is 1.2 for z 
less than 250 parsecs and 1.7 for z between 250 and 630 parsecs. Thus we find consider- 
able excess in the star densities in these directions. The region from +30° to +10° is in 
longitudes 316°-340°. The mean value of D(z) is 1.1 for z less than 250 parsecs, and 1.3 
for s between 250 and 400 parsecs. The values of D(z) for the northern and southern 
latitudes are similar near the galactic plane but differ considerably for heights greater 
than 250 parsecs, which may represent a real difference, owing to difference in longitude, 
or may be due simply to our use of minimum absorption in the northern latitudes. 

The factors, D(r), in the lower part of Table 3 show the star densities near the equator 
at distances, r, from the sun relative to unit density in the immediate vicinity of the sun. 
The densities decrease with increasing distance from the sun, except in area R and in the © 
part of the region containing areas H, I, J, K, and L, in both of which there appear to be 
definite star clouds. In the former area, which is part of the Scutum cloud, the conges- 
tion is at a distance of around 2000 parsecs from the sun; in the latter areas, which include 
the little Sagittarius cloud, the star cloud is 200 or 300 parsecs from the sun. 

The unit values used for s= 40-630 parsecs in the upper part of Table 3 are the values 
of D(r) for latitude 90°, namely, 0.9, 0.8, 0.6, 0.5, 0.3, and 0.16. 

Samples of the density gradients appear in Figure 3. With the exception of the areas 
containing the star clouds, the density gradients are negative throughout the region. In 
the vicinity of the little Sagittarius cloud the densities rise immediately and at 800 par- 
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secs have decreased to equality with those in neighboring parts of the zone. In area R the 
densities decrease gradually to 800 parsecs, rise to a maximum at 2000 parsecs, and de- 
crease again beyond the limits of the diagram. The conspicuous contrast between these 
two star clouds in the photographs has frequently been noted; the vicinity of the little 
Sagittarius cloud shows the coarse texture caused by many bright stars, while the Scutum 
cloud is smoother because of the greater distance of the congestion. 


TABLE 3 
DENSITY FACTORS, D(z), FOR HIGHER LATITUDES 


b 
(PARSECS) | | | | | ra 
| —30° —25° | —20° | —1s° | —10° +10° +15° +20° | +25° | +399 
1.2 1.3 1.3 1.0 1.3 1.2 121 
144 1.0 1.1 1.3 1.2 12 | 1.0 
400... | 1.0 15 | 16 |] 1.6 | 2.0 1.3 1.6 1.1 10 | 43 
DENSITY FACTORS, D(r), NEAR THE EQUATOR 
b 
r 
(PARSECS) | 
—7.5 —5.0 | —2.5 | 0.0 +2.5 +5.0 | +7.5 | R 
10/10/10] 10] 1.0 | 10] 10 | 1.0 | 1.0 
oe 1.0 | 1.0 10 | 1.0 10 | 09 | 09 1.0 | 2.0 
COS 09 | 09 | 09 | 10] 09 | 08 | 0.8 1.0 | 3.0 
eee 0.7 | 08 | 08 | 09 | 08 | 07 | 0.7 | 0.9 | 1.0 
ee 05 | 0.5 | 0.5 | 0.7 . ei: 06 | 08 0.6 
0.5 | 1 OS | 1.0 | 0.5 
03 | 04/04/04 04 | 04 /].03 04 | 0.4 


COMPARISONS WITH RELATED DATA 


The amounts of obscuration which we have employed in the analysis of the star counts 
are compared in Tables 4 and 5 with those derived from other sources. In converting 
Hubble’s® nebula counts to total obscuration, we take his log V(m) = 1.90 as represent- 
ing no obscuration. Since the nebula counts in high latitudes were used to guide the 
analysis of the star counts, the agreement is close. 

Many photoelectric color excesses of class B stars in our region have been determined 
by Stebbins, Huffer, and Whitford.'° We have converted them to photographic absorp- 
tions by multiplying by the factor 7 and list the means for the various divisions in Table 
4, together with the corresponding mean distances, which are calculated from the dis- 
tance moduli given by these investigators. Allowing for some uncertainty in the dis- 
tances, particularly where the number of stars is small, these absorptions agree reasonably 


10 Mt. W. Contr., No. 621, 1940. 
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well with the ones we have adopted. In three-fourths of the cases the difference does not 
exceed 0™3 and the average difference in 070. 
The Illinois colors in the vicinity of the little Sagittarius cloud yield absorptions 
about 0™3 lower than the adopted values. This systematic difference appears not only in 
TABLE 4 


OBSCURATION FROM NEBULA COUNTS AND STAR COLORS 


| | 
| From 
HuBBLE’s From SHW | ADOPTED IN 
NEBULA Cotor EXCEssEs | ANALYSIS 
| | CoLors 
| 
Total - | Mean | Mean | Total 
Obscu- | Obscu- Distance | at 2000 
ration ration | (Parsecs) | Parsecs 
Cc +20.0 2.7 33 
C | | | 3.0 4.0 
N +10.0 >3.0 1 | 4.1 
G +7.5 | >3.0 | | 1.1 3.0 
G | 2 1000 |........ 1.5 3.5 
F | | 1.4 1.0 2.7 
G 0.0 + 1 500 m3 1.7 3.2 
K 0.0 1.5 1.3 2.8 
K | 1000 | O8 | 1.0 2.0 
H 8 | 14 | 1000 |........ 061] 1.6 
I | 48 1000 04 | 03 1.3 
L ae 5 1.7 | 1200 08 | 1.0 1.5 
J | 4 34.1 | 1.7 2.7 
M — 5.0 >3.0 3 2.0 | 1500 | 1.8 | 2.1 3.1 
R — 5.0 >3.0 4 1.3 | 1500 | 0.6 0.6 1.6 
S — 5.0 | i 07 | 630 | 0.7 06 |) 16 
2 10 | 630 | 1.2 2.0 
—100 | >3.0 2 1.8 
P —10.0 |........ 2 | 0.7 1.2 
—12.5 5 0.7 | 600 0.8 1.5 
—15.0 5 1 0.6 | 630 0.8 
—20.0 1.0 1 0.1 250 0.8 0.8 
—25.0 0.6) | 0.7 0.7 
—30.0 | 0.4 0.4 


} 
| 


areas K and L, whose density factors are high, but also in areas G, M, and the —7.5° 
zone, where the density factors are substantiated by the analysis of other divisions of the 
zones and also by the colors in areas R and S. The deficiency in color excess could be due 
to an insufficient extinction correction, since the region of the little Sagittarius cloud is 
much farther south than the region containing the magnitude standards. To be consist- 
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ent, a near-by absorption of 0™7 should have been used in area I, where 0™3 was adopted, | 
This would have resulted in density factors somewhat higher than are found in the ad- |} 
jacent areas. Area I is so small, however, that the difference may not be significant, 
The photoelectric color excesses of those globular clusters in our region observed by 
Stebbins and Whitford" and the corresponding photographic absorptions are listed in 


on 
3.00 


° 500 1000 1500 2000 
PARSECS 


lic. 3.—Star densities in the directions of the two star clouds and in sample zones 


TABLE 5 
TOTAL OBSCURATIONS FROM COLORS OF GLOBULAR CLUSTERS 


OBSCURATION 


NGC l b E 

Clusters Distance 

K=7E (Parsecs) 

6171...... 332° | 422° | | 2m7 5130 
6333...........] 333 410 | 24) 1.7 2.0 1660 
ener | 334 | +9 | 32 | 2.2 | 2.0 | 18200 
6342..... 333 | +8 | 44/ 3.1 | 3.0 | 9550 
6440 335 | +2 | .76/ 53 | 40 4370 
6517 347 | +6 | 644/ 45 | 40 | 6310 
| +5 | 82; 5.7 | 4.0 | 2820 
6712... | 353 | +0.32) 2.2 | 1.6 | 9550 


Table 5. The distances of the clusters are as given by Shapley,!” but with correction for 
the absorption. In the higher latitudes there is good agreement with our total obscura- 
tions. Near the equator the cluster values are considerably greater; the additional ob- 
scuration may occur beyond the range of our analysis. Furthermore, NGC 6440, 6517, 


" Mt. W. Contr., No. 547, 1936. 12 Star Clusters, p. 224, 1930. 
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and 6539 all lie in the heavily obscured areas N and X, where the amount of distant ab- 
sorption used in the analysis is a minimum. 

A number of earlier investigations of the Scutum cloud give distances varying from 
1500 to 7000 parsecs, uncorrected for absorption.'® Krieger’s study, based on colors of 
faint stars, gave a mean distance of 2800 parsecs and a thickness of several hundred par- 
secs. Schalén’s® spectral survey of the region of the Scutum cloud indicated that the star 
densities decrease or are rather constant for a distance of 1000-1200 parsecs, begin to in- 
crease at 1300 parsecs, and reach a maximum between 3500 and 4000 parsecs; there the 
density is between two and three times as great as at 1300 parsecs. We find a gradual de- 
crease in star density to around 800 parsecs and then a rise to around 2000 parsecs. This 
is about what we could get from Schalén’s results, if they were corrected for a possible 
general absorption in space, as Bok has pointed out.'4 

Thus, in general agreement with Schalén, our results indicate that the brightest part 
of the Scutum cloud is a real star cloud and not a partial opening in intervening dust 
clouds. This is true of the vicinity of the little Sagittarius cloud as well, as we have al- 
ready shown. 


UNIVERSITY OF ILLINOIS OBSERVATORY 
August 1942 


13 Krieger, Lick Obs. Bull., No. 416, 1929. 
14 Distribution of the Stars in Space, University of Chicago, 1937. 
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PROBABILITY LAWS OF SUNSPOT VARIATIONS 
W. GLEISSBERG 


ABSTRACT 


After some introductory remarks concerning the fluctuations of the characteristics of sunspot cycles 
(sec. I), laws giving the probability that certain quantities concerning these characteristics lie within 
given limits are deduced in a purely empirical manner (sec. IT). These laws are applied to the computa- 
tion of the probability of some predictions concerning the coming spot cycle (sec. III). 


I, THE FLUCTUATIONS OF THE CHARACTERISTICS OF SUNSPOT CYCLES 


According to the explanation of the sunspot-curve given by Waldmeier,' this curve 
results from a sequence of hump-shaped curves. Every one of them represents one sun- 
spot cycle; it rises from zero to a maximum and then falls again to zero. In three earlier 
papers? I have pointed out that the curves which represent successive spot cycles are not 
independent of one another. Some quantities characterizing the sunspot variations 
within the cycles show a rather regular fluctuation. 

The sunspot variations within a spot cycle may be characterized by the following 
quantities: (1) Ry, the highest smoothed relative number as determined by the Zurich 
statistics; (2) ¢,, the reduced period of rising, defined as the time during which the 
smoothed relative numbers increase from } Ry to Ru; (3) ty, the reduced period of declin- 
ing, defined as the time during which the smoothed relative numbers decrease from Ry, to 
+Ry; and (4) t;, the period of low activity, defined as the interval between the end of the 
reduced period of falling of one cycle and the beginning of the reduced period of rising 
of the following cycle. 

A table published by Brunner? gives the smoothed relative sunspot numbers for each 
month since 1749. From this table the highest smoothed relative numbers of each cycle, 
the months in which these maxima occurred, and the months in which, on the rising 
branch of each cycle and on its declining branch, the smoothed relative numbers attained 
a quarter of their maximum value can be taken immediately. From these data the values 
of Ry, t,, t7, and t; are found. These values are given in Table 1, where ¢;, ¢,, and ¢; are 
expressed in months and the value of ¢, is ascribed to the following of the two cycles be- 
tween which the period of low activity lies. The numbering of cycles in Table 1 is that 
adopted in the Zurich statistics. The quantities Rj??, ¢{*), t{, and ¢/” as given in the last 
four columns of Table 1 are the averages of every four successive values of Ray, ti, ¢, and 
ty, respectively; they reveal the fluctuations of the characteristics of sunspot cycles, 

The fluctuations of these averages show a certain regularity; but, as they are not regu- 
lar enough to be represented by a simple mathematical formula, they cannot be used to 
forecast exactly the behavior of future spot cycles. The problem of long-range sunspot 
predictions may, however, be considered as a probability problem. Thus the solution of 
this problem will consist in computing the probabilities of predictions of future spot 
cycles. Four ‘‘probability laws,’’ which make such computations possible, will be estab- 
lished in the following section. 


II. THE PROBABILITY LAWS 
If we compute, from the data given in the last four columns of Table 1, the quantities 
B=t-0.40, C= +0.81, 
! Astr. Mitt., Ziirich, No. 133, 1935. 
2 Observatory, 62, 158, 1939; 63, 215, 1940; Pub. Istanbul University Obs., No. 14, 1941. 
3 Terrestrial Magnetism and Atmospheric Electricity, 44, 247, Table 2, 1939. 
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for each set of four successive spot cycles, we see that these quantities do not show any 
regular fluctuation; they are, on the contrary, distributed at random around their 
average values. The averages of A, B, and C are 55.4, 16.4, and 77.4, respectively. 
Doubtless these averages will change by small amounts when the numbers for more 
cycles are available. On the other hand, it will be convenient for the following calcula- 
tions to take average values, which lie in the middle between two integers. Thus the 
values 55.5, 16.5, and 77.5 may be adopted. The distribution of the differences between 


TABLE 1 


THE CHARACTERISTICS OF SUNSPOT CYCLES AND THEIR AVERAGES FOR 
EVERY FOUR SUCCESSIVE CYCLES 


| | 
Cycle No. Ru | ty ty ty RY 
1 86.5 41 52 48 
ee 115.8 22 29 58 
125.5 33 31 59 
3 | 158.5 29 17 48 
| 116.2 40 33 54 
4.. | 141.2 41 28 81 
| 99.4 52 34 53 
5 | 49.2 66 57 27 
| 77.7 59 43 49 
48.7 73 35 | 54 
| | 79.1 | 56 42 42 
| | 99.7 | Si! 36 52 
146.9 29 244 32 | 
9 | 131.6 45 34 68 
129.2 37 29 | 60 
10 97.9 45 31 | 70 
| 111.2 45 34 56 
140.5 30 26 51 | 
| 100.2 47 35 | 383 
12 | 74.6 62 47 | 34 
| | 91.8 49 36 | 49 
13... 87.9 51 
83.0 55 38 48 
14 | 64.2 53 35 | 54 
| 83.9 | 49 37 49 
105.4 52 32 «| 46 | 
91.7 | 47 33 
16 7.1 | 39 43 | 40 | 
17.. 19.2 | 45 | 23 | 


the actual values of A, B, C and their respective averages agrees well with a Gaussian 
error distribution; and the mean error ¢ is nearly the same for A, B, and C; it amounts 
to about +1.95. The formula 


1 
2" 


where / denotes the constant of Gauss’s law of errors, yields 4 = 0.36. Thus, the prob- 
ability that the value of A or B or C differs from its average by no more than 4 is equal to 


‘ 
r 
t 
h 
O 
e 
> 
g 
S 
t 
st 
rt 
‘the 
yf 
| 


236 W. GLEISSBERG 


erf (0.365), where erf denotes the error function. The following probability laws have 
therefore been obtained: 


I. The probability that ¢{? + 0.2Ri? lies, in any set of four successive cycles, between 
55.5 — 6 and 55.5 + 6 is equal to erf (0.366). 

II. The probability that ¢‘*) — 0.4#/* lies, in any set of four successive cycles, between 
16.5 — 6 and 16.5 + 6 is equal to erf (0.366). 

III. The probability that ¢{* + 0.8/§" lies, in any set of four successive cycles, between 
77.5 — 6 and 77.5 + 6 is equal to erf (0.366). 


Since none of these laws establishes a relation between different sets of cycles, they 
do not suffice for predictions about future spot cycles. An additional law is there- 
fore needed. As the quantity ¢{” is found in every one of the three laws obtained above, 
it will be convenient to investigate the variations of t{* from one set of cycles to the next 
one. An examination of the column headed ¢{ in Table 1 yields the result that ¢{) 
changed from one set of cycles to the next one—without regard to the sign—six times 
by 1, twice by 2, once by 4, once by 5, twice by 6, and once by 9. Hence the mean 
change of t{* is 4.2; and, on the assumption that the amounts by which ¢{* changes from 
one set of cycles to the next one obey the law of errors, the probability that the change 
will not be greater than 6 can be computed from the mean change. This probability is 
found to be equal to erf (0.166). Thus the following probability law has been obtained: 


IV. The probability of 1) changing from one set of cycles to the next by not more than 4 is 
equal to erf (0.166). 


The law that has just been obtained yields the probability that the change of ¢{* does 
not exceed a given amount. But for the purpose of the calculations which will be made 
in section III it will be necessary to know the probability that ¢{* will change by a given 
amount 6. This probability, of course, is obtained by subtracting the probability of ¢” 
changing by not more than 6—0.5 from the probability of ¢{*) changing by not more than 
6+0.5. Thus the following corollary can be deduced from IV: 


IV.* If P(6) denotes the probability of t\ changing by 6, then 
P(6)= erf(0.1656+0.08)— erf(0.166 —0.08) . 
In Table 2 the values of P(6) are given. 


III. PREDICTIONS CONCERNING THE COMING SPOT CYCLE 


The probability laws stated in the foregoing section enable us to compute the prob- 
ability of predictions concerning the coming spot cycle. The procedure to be applied for 
this purpose will become clear from the examples given below. Although, in principle, 
the probability of any prediction concerning the values of the characteristics of the com- 
ing cycle can be computed, only such predictions of which the probability is found to 
be great will be of interest. 

The fluctuations of the values of Rj?) given in the sixth column of Table 1 make it 
probable that the next value of R$? will be higher than 91.7; and, on the assumption that 
the next value of R$} would be about 110, a very high sunspot maximum has been fore- 
cast by the present writer. Now this prediction will be expressed in a more precise and 
improved manner. 

Let us suppose that in the coming spot cycle (cycle No. 18) Ru, the highest smoothed 
relative number, will be higher than 145. Since the sum of the last three values in the 
second column of Table 1 amounts to 302.7, the sum of the four values of Ry for cycles 


4 Gaz. astronomique, 27, 15, 1940. 
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Nos. 15-18 would be greater than 447.7; thus the next value of RY (for cycles Nos. 15- 
18) would be greater than 111.9. Hence 


+0.2RY >) 422.5, 


where ¢{* also belongs to cycles Nos. 15-18. On the other hand, we see from the eighth 
column of Table 1 that the next value of ¢{*) will not be greater than 33. Thus the as- 
sumption that in the coming cycle Ry would be higher than 145 will be fulfilled in each 
of the following cases: 


=33 and ¢4+0.2R255.5, (1) 
and ¢+4+0.2R2> 54.5, (2) 
and +40.2RM 253.5, ete. (3) 


The probability of ¢{) changing by 6 was designated above by P(é). Since the last value 
of t{*) was 33 and ¢‘ is now decreasing, P(é) is the probability that the next value of ¢{” 


TABLE 2 
VALUES OF FUNCTIONS 
P (5) = erf (0.166 + 0.08) — erf (0.166 — 0.08) 
AND Q(6) = 3 + 3 erf (0.368). 


é P(6) é | 
0 0.09 0.50 7 0.05 | 1.00 
1 18 0.69 8. 04 | 1.00 
2 16 0.85 9 02 | 1.00 
3 14 0.94 10.. 01 | 1.00 
Bess oes 12 0.98 11 01 1.00 
oA 10 0.99 12 01 1.00 
6 0.07 1.00 >13. 0.00 | 1.00 


will be 33—6. Now let us consider the probability of ¢{) + 0.2R\P being greater than 
55.5—6. This probability is the sum of the probabilities that ¢{) + 0.2R$P will lie 
either between 55.5—6 and 55.5 or between 55.5 and ~. The first probability is—ac- 
cording to Law I—equal to $erf (0.366) ; the second probability is }. Thus the probability 
of \ + 0.2R\? being greater than 55.5—4 is equal to 0(6), where the function Q(8) is 


defined by 
Q(6)=3 erf (0.366)+ 3. 


The values of Q(6) are given in Table 2. 

Now the probabilities of the cases which were designated above by (1), (2), (3), etc 
can be computed. The probability of (1) is P(0)Q(0), that of (2) is P(1)Q(1), that of (3 
is P(2)Q(2), etc. Thus the probability that one of these cases will occur is given by 


6=0 


This sum is only apparently an infinite series, because Table 2 shows that P(6) = 0 if 
6 = 13. Using the values of P(6) and Q(6) as given in Table 2, we obtain 0.86. This 
result can be expressed as follows: 


The probability that the highest smoothed relative number of the coming cycle will exceed 
145 is 86 per cent. 
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It may be noticed that up to now only two maxima with Ry > 145 have been ob- 
served. They occurred in 1778 and 1837, and their highest smoothed relative numbers 
were 158.5 and 146.9 (see Table 1), cycles Nos. 3 and 8. 

It is a well-known fact that sunspot numbers generally increase very rapidly before 
a high maximum. Thus the reduced period of rising may be expected to be very short 
in the coming cycle. The average of all values of ¢, from cycles 1-17 is 35 months. Let us 
compute the probability that in the coming cycle the reduced period of rising will be 
shorter than 32 months. 

The sum of the three values of ¢, belonging to cycles 15, 16, and 17 is 98 (see Table 1), 
If in the coming cycle ¢, < 32, the sum of the four values of ¢, for cycles 15-18 would be 
less than 130. Thus we should have for cycles 15-18: #4) < 32.5 or t < 32. As stated 
above, the probability that the next value of ¢{*) will be 33—6 is P(5). Therefore, the 


probability that ¢{ will not be greater than 32 is equal to p> P(6); and this sum obvi- 
6=1 

ously is identical with 1 — P(0). Since we have, from Table 2, P(0) = 0.09, the follow- 

ing result has been obtained: 


The probability that in the coming cycle the reduced period of rising will be shorter than 32 
months is 91 per cent. 


The data in the third and seventh columns of Table 1 show that between the present 
and the next cyclea relatively short period of low activity may be expected. The periods 
of low activity which have been observed hitherto range from 22 to 73 months; their 
average is 46. How great is the probability that the next period of low activity will be 
shorter than 40 months? The sum of the last three values of ¢; (for cycles 15, 16, and 17) 
amounts to 136 (see Table 1, third column). If the next value of ¢; is less than 40, the 
sum of the values of ¢; for cycles 15-18 will be less than 176. Thus the next value of ¢{# 
will be less than 44. We shall, therefore, have 


#4) — 0.400 17.5. 


Now, by reasoning analogous to that employed above for the prediction concerning Ry, 
we find that the probability of the next value of ¢, being less than 40 is given by the fol- 


lowing sum: 


P(5)0(6+1). 


6=0 


This sum can be computed by means of Table 2. The computation yields 0.93. Thus 
the following result has been obtained: 


It may be expected with a probability of 93 per cent that the period of low activity which 
will precede the next spot cycle will be shorter than 40 months. 


These examples may be sufficient to show how the probability of sunspot predictions 
can be determined from the probability laws of sunspot variations which have been 
established in section IJ. These laws are based upon the observations of 16 complete 
spot cycles; and, since 16 is not a large number for probability investigations, the form 
which has been given to the probability laws may not be considered as definitive. It will 
be possible, however, to improve these laws only after further spot cycles have been 
added to the valuable Zurich series of relative numbers. 
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THE EXTENSION OF THE PRISMATIC SOLAR SPECTRUM FROM 
144 TO 24 4, THROUGH A NEW ATMOSPHERIC 
WINDOW IN THE INFRARED 


ARTHUR ADEL! 


ABSTRACT 


The solar spectrum has been extended from the previous long-wave-length limit of 14 » to a new limit 
of 24u. A potassium bromide prism was used. The new spectrum is rich in detail and sensitive to the 
water-vapor content of the atmosphere. 


An attempt by Adel, Slipher, and Barker to locate a region of atmospheric trans- 
parency at wave lengths greater than 14 » was made at Ann Arbor in 1935.? A KBr prism 


SUN Kébr 
50 #/ 
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Fic. 1.—The prismatic solar spectrum in the infrared 


was used to form the infrared solar spectrum; a vacuum thermopile and a Firestone 
periodic radiometer composed the detecting system. Sufficient amplification of the 
galvanometer deflections was employed to record the solar spectrum between 5 w and 
14,4 on a convenient scale. No atmospheric transparency at wave lengths greater than 
144 was observed. The experiment recently repeated at Flagstaff to the same scale 


' At present on leave in the department of physics, University of Michigan. 


* Phys. Rev., 47, 580, 1935. 
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also failed to reveal new long-wave-length transparency of the atmosphere. The new 
atmospheric window was discovered at Flagstaff only after the scale of the observa- 
tion had been increased many-fold. 

The apparatus employed at Flagstaff was essentially like that used in the Ann Arbor 
experiment, namely, the dispersive element was a K Br prism furnished for the occasion 
by Dr. C. G. Abbot, while the detecting system comprised a vacuum thermopile, con- 
— by Dr. C. O. Lampland, and a high-gain Firestone periodic radiometer, built by 
the author. 
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Fic. 2.—The prismatic solar spectrum in the infrared 


Solar radiation was first observed beyond 14 win July, 1941. The distribution of rela- 
tive intensities in a part of the new spectral region of atmospheric transmission is shown 
in Figure 1, which is a reproduction of an original record. Transmission through this 
atmospheric window is variable, being largely dependent upon water vapor. The com- 
plete absorption by the v2 system of carbon dioxide, centered at 15 yu, is evident and 
attests to the purity of the spectrum. The spectrum shown in Figure 1 was observed 
through about 1 cm of precipitable water vapor. Those shown in Figures 2 and 3 were 
recorded through about 1 mm of precipitable water vapor, the amount being less for 
Figure 2 than for Figure 3. The spectrometer slits were broadened for Figure 3 as com- 
pared with Figures 1 and 2. Note the scale change in Figure 2. 
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The 14-24 » window reveals a new solar emission spectrum and a new atmospheric 
absorption spectrum. It is of considerable interest, too, in connection with the problem 
of the radiation of the planet earth to space, and particularly as regards terrestrial recep- 
tion of long-wave-length emission from the low-temperature planets, Jupiter, Saturn, 
Uranus, and Neptune. 

While this work was in progress, J. Strong reported a search for a new long-wave- 
length window, made by means of the MgO residual rays.* In his experiment the solar 
radiation was not dispersed into a spectrum, but integrated over the region from about 
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Fic. 3.—The prismatic solar spectrum in the infrared 


12.5 u to just beyond 25 w. This residual ray band so seriously overlaps the long-wave- 
length terminus of the (principal) atmospheric window, \ < 14 uw, where solar energy is 
plentiful, that Strong concluded that his data ‘‘appear to represent, primarily, the trans- 
mission characteristics of the extreme red limit of the (principal) ‘ window.’ ’’ 


It is a pleasure to record my gratitude to Dr. C. G. Abbot, who had a ABr prism 
figured especially to the author’s specifications, and to thank Dr. F. A. Brooks for his 
stimulating interest in the problem. 


LOWELL OBSERVATORY 
FLAGSTAFF,BARIZONA 


3 J. Franklin Inst., 232, 1941. 
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DEVELOPMENT OF THE CORONAVISER* 
H. W. Bascocxk! 


ABSTRACT 


The principles of the coronaviser are discussed, and an equation is developed by means of which the 
performance of the instrument can be predicted in terms of several disposable parameters. The equation 
indicates that some degree of useful performance should be attainable under favorable conditions. 

The original coronaviser of Skellett was tested at the McDonald Observatory, but without positive 
results. Following this, a new scanning mechanism, in combination with an optical system of the Lyot 
type, was constructed. Tests of this instrument have not been completed, but a report of progress is 
given now, as the work must be laid aside for some time. 


In 1934, A. M. Skellett proposed a new method of observing the solar corona in full 
sunlight, by photoelectric scanning of an optical image.” The basic idea was to scan the 
region close to the sun in such a way that the optical image would be temporarily con- 
verted into an electric current, from which the undesired steady component arising from 
glare could be filtered out. The pulses in the signal current due to irregularities in the 
corona would be amplified and used to modulate the intensity of the electron beam of a 
cathode-ray tube, while at the same time the beam, being deflected by an appropriate 
sweep circuit, would synthesize an optical picture of the corona on the viewing screen 
of the tube. 

Skellett later built such an instrument, which he termed a “‘coronaviser,’’* and tested 
it under practical operating conditions at the Cook Observatory. The optical image to 
be scanned was formed by a 15-inch objective, after reflection from a flat siderostat 
mirror. The scanning mechanism could then be set up in a fixed position in a darkened 
room, conveniently adjacent to the electrical amplifiers and the cathode-ray tube by 
which the final image was formed. It appears that the main difficulties under which 
Skellett worked were the white or hazy sky due to the low altitude of the Cook Observa- 
tory and the light scattered by the optical system of his solar telescope. He states that, 
by the time the instrument had been improved to the point where useful observations 
could be made, the aluminum coat of the siderostat mirror had begun to show blemishes. 
Nevertheless, he was able to reproduce several images of solar prominences and appar- 
ently succeeded in reproducing one particularly bright flare in the corona. Skellett con- 
cluded that the coronaviser should then be tested at some high-altitude observatory, 
with superior skies and with an improved optical system to minimize glare. 

In principle the coronaviser has some advantages and some limitations as compared 
to other instruments—the coronagraph of Lyot,‘ for example. When the image bright- 
ness is sufficiently high, it is more sensitive to small degrees of contrast than is the photo- 
graphic method. On the other hand, its resolving-power is lower than that of the photo- 
graphic plate. Since it depends upon electronic amplification, a limit is set upon the 
smallest signal that can profitably be amplified, as it is in all amplifiers. Electrical “noise” 
invariably arises in the low-level parts of the system, either as statistical fluctuations in 
the current flowing in the photocell, as thermal noise in circuit components, or as tube 
noise in the first stage of the amplifier. In the coronaviser this noise manifests itself asa 


* Contributions from the McDonald Observatory, University of Texas, No. 55. 
1 The author is on leave of absence from the University of Chicago, doing scientific work for the 
government at the Massachusetts Institute of Technology. 
2 Proc. Natl. Acad. Sci., 20, 461, 1934. 
3 Bell System Tech. J., 19, 249, 1940. ‘B. Lyot, M.N., 99, 580, 1939. 
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statistically fluctuating, grainy background in the cathode-ray picture, and the coronal 
features must be sufficiently strong to be seen above this background. By photographing 
the picture formed on the screen of the cathode-ray tube with an exposure long enough 
to cover a large number of cycles of scanning, the noise is reduced, relative to the corona, 
since the brightness of the corona, as photographed, varies directly as the number of 
scanning cycles; whereas the statistically fluctuating noise pattern varies as the square 
root of the number of cycles, tending to smooth itself into a uniform field. Thus, if the 
cathode-ray picture be photographed over a period of one hundred scanning cycles, the 
effective signal-to-noise ratio will be increased ten to one, as compared to the picture 
seen during a single cycle. 

In order to arrive at an approximate quantitative description of the capabilities of 
the coronaviser, we may proceed as follows: 

Let it be assumed that an optical system forms on an opaque screen an image of the 
region of the corona around the sun but that the light of the sun itself is masked out by 
suitable means. The telescope is designed to be as free from scattered light as possible. 
In the screen is an aperture, through which light from a small region of the corona, with 
the accompanying glare from the sky, passes to a phototube in which it causes a current 
of electrons to flow. The operation of scanning is now carried out, either by moving the 
optical image or by moving the aperture in the screen in such a way that the aperture 
traces out a spiral, closely wrapped around the position of the sun. The inner limit of 
the spiral is just outside the sun’s limb, and the outer limit is arbitrary. Upon reaching 
the outer limit, the aperture spirals back to the sun’s limb, and the process is repeated 
over many cycles. The extremely slight variations in brightness of the optical image, due 
to coronal features superposed on the glare, will cause slight fluctuations in the electrical 
current in the phototube as the scanning aperture moves around the solar image. The 
steady portion of the photocurrent is removed by capacity-coupling of the phototube toa 
following amplifier, the function of which is to amplify the pulses due to the scanning 
of coronal features. 

At this point one may inquire whether there are actual fluctuations in the brightness 
of the glare around the sun, due possibly to such conditions as poor “‘seeing.’’ Two fortu- 
nate circumstances here are that under good conditions the sky glare decreases quite 
slowly as a function of distance from the sun and that the area of the scanning aperture 
may be of the order of 1 square minute of arc—large compared to the size of a stellar 
image. Therefore, if atmospheric disturbances cause slight fluctuations in brightness or 
position of closely adjacent points in the optical image, the “averaging”’ effect of the 
relatively large scanning aperture will tend to minimize these. In this respect one may 
recall the difference in the effects of seeing on the twinkling of a star and that of a planet. 
Under the best observing conditions, when the sky glare falls to less than one hundred 
times the brightness of the inner corona, seeing can probably be disregarded as a limita- 
tion on the performance of the coronaviser. 

Even though the light entering the phototube be perfectly uniform, the resulting 
electron current flowing from the photocathode will undergo statistical fluctuations (the 
so-called “‘shot effect’), owing to the finite size of the charge on the electron. We shall 
assume here that the phototube used is of the electron multiplier type, in which the cur- 
rent is amplified by several stages of secondary emission before it is applied to a load 
resistor to develop a voltage. All the significant electrical “noise’’ of the system will then 
arise in the first two or three stages of the electron multiplier; this noise, with the ac- 
companying signal, if any, will be highly amplified before it reaches the load resistor or 
following vacuum tubes, where additional noise will no longer be serious. It is well known 
that the mean square value of the noise current due to shot effect in the first stage of a 
phototube is 


(1) 


?=2el(fe— fi) , 
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where 7, is the fluctuating noise current, e is the charge on the electron, / is the total] 
current flowing, and fz — fi is the range of frequencies, in cycles per second, passed by 
the whole system under consideration.’ In treatments of the electron multiplier it has 
been shown that additional noise, introduced by shot effect in the two or three stages 
following the first, adds from 30 to 50 per cent to this figure. Later stages of the multi- 
plier do not contribute appreciably. We may then take the mean square value of the 
noise current to be 


= 3el(fr— fr). (2) 


It is now necessary to find the magnitude of the current pulses formed when coronal 
streamers are scanned. Let it be assumed for simplicity that the streamers are of equal 
brightness and that they are distributed radially around the sun, with uniform angular 
separation. As the scanning aperture moves around the image, the resulting current 
pulses will occur with a frequency ¢, where fi < ¢ < fo. We now make the further ap- 
proximation that the sharpness of the streamers and the size of the scanning hole are 
such that the photocurrent varies in a sinusoidal manner. The instantaneous current 
from the cathode of the phototube will then be 


i=I(1+8 sin 27r¢t), (3) 


where k represents the degree of modulation of the light due to scanning of the coronal 
streamers. It is here assumed that the “dark current”’ of the phototube is inappreciable 
compared to the current due to glare. If, under the best observing conditions, the glare 
can be so far reduced that this is no longer true at room temperature, then the dark cur- 
rent can be reduced by refrigeration of the phototube. Capacity coupling of the photo- 
tube to the following amplifier will eliminate the steady portion of the current in the 
preceding equation. The signal current remaining will then be 


i, =kI sin 2r¢t, (4) 


and the mean square value will be 
(5) 


The all-important signal-to-noise ratio from equations (2) and (5) is, then, 


| 


° 
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The quantity / is the total current flowing from the cathode of the phototube and is 
equal to the product of the incident light, /, by the light sensitivity, S, of the photo- 
cathode, which is generally known or measurable for each cell in terms of amperes per 
lumen. The number of lumens passing through the scanning aperture and entering the 
phototube is the sum of two quantities: /., the light from the corona, and /,, representing 
glare plus scattered light from the optical parts of the instrument. The quantity &, or 
light-modulation factor, depends upon the glare and also upon the contrast between the 
sharp coronal features and the uniform portion of the corona that can be represented by 
concentric isophotes. The scanning process discriminates against the uniform part of 
the corona, just as it does against glare; consequently, only the more sharply defined 
coronal features have any chance of reproduction by this type of scanning. According 


5 For a treatment of shot effect, secondary emission, etc., see, e.g., Zworykin and Morton, Television, 
John Wiley & Sons, Inc., 1940. 
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to recent work of O’Brian, Stewart, and Aronson,’ who made a thorough investigation 
of coronal photographs obtained by Major A. W. Stevens at the eclipse of June 8, 1937, 
the corona is an extended luminous volume surrounding the sun, with its surfaces of 
equal brightness exhibiting no large departure from concentric spheres and with a con- 
tinuous gradation of brightness outward from the sun’s limb. They conclude that the 
coronal streamers, so prominent to the eye, are a purely secondary phenomenon resulting 
from boundaries produced by slight, though abrupt, discontinuities in brightness. Since 
no pertinent quantitative data are available, we shall adopt here the figure 0.2 as repre- 
senting the brightness of the streamers compared to the uniform coronal background.’ 
The modulation factor, k, then becomes equal to 0.2/,/(/, + /.). Sincel, is very small with 
respect to /,, we may now write the approximate equation for the signal-to-noise ratio 
of the coronaviser as follows: 


l.VS 


It is now necessary to consider the effects on R of variations of the different parameters 


in this equation. In terms of effective radiation, R is proportional to 1./V1p, with the 
restriction that S is the integrated spectral sensitivity of the phototube for the light 
transmitted. Each of the quantities /, and /, is directly proportional to the area of the. 
telescope objective and to the area of the scanning aperture; hence R increases directly 
with the aperture of the objective. An increase in the size of the scanning aperture like- 
wise has a favorable effect on R, but at the expense of a loss in resolution. The value of 
nonreflecting coatings on the various glass surfaces of the optical system is apparent 
both for increasing the transmitted light and for decreasing instrumental scattering. In 
order that R may be made large it will evidently be advisable to limit the effective light, 
by means of color filters, to spectral regions in which the glare, /,, is low and in which S, 
the integrated sensitivity of the phototube, is high, bearing in mind that the energy dis- 
tribution in the continuous spectrum of the corona approximates that of the solar spec- 
trum. This points to the use of a red-sensitive phototube with an appropriate filter to 
eliminate the shorter wave lengths. The use of a filter transmitting only a narrow region 
centered on a coronal emission line has been suggested; but this device must be used with 
due regard to the relative intensities of the emission line and the continuous spectrum of 
the corona, if a net increase in R is to be obtained. 

The sensitivity of the cathode of the phototube employed is obviously of great impor- 
tance. This varies from one type of tube to another and also among individual tubes. 
The best simple photocells frequently possess a cathode sensitivity superior to that of 
electron multipliers in their present state of development. However, the multiplier type 
of tube possesses practical advantages in operation that seem to render it superior to the 
simple photocell where mechanical vibration, cabling, and amplification have to be con- 
sidered. 

The remaining variable in equation (7) is the frequency range, f2 — fi. In the origi- 
nal coronaviser Skellett adopted a frequency of circular scanning of 30 revolutions per 
second, with f2 equal to about 3600 and f; equal to about 100. Frequencies above 3600 
added nothing to the image and were removed by an electrical filter in order to minimize 
noise. The filter cutting off the lowest frequencies, between 0 and 100 cycles per second, 
could be switched out of the circuit at will. Generally the low frequencies did have to 
be removed, however, because of instrumental modulation of the light at or near the 
scanning frequency or for other causes. This frequency range, of about 3500 cycles per 


6 Ap. J., 89, 26, 1939, 

7 This seems a conservative estimate, since no account is taken of the differences in brightness of the 
corona between low solar latitudes and the polar regions. These differences may be quite pronounced at 
certain phases of the solar cycle, and they should be reproducible by the coronaviser. 
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second, is about the lowest that is compatible with the following advantages: (1) The 
scanning rate is sufficiently high so that the picture formed on the screen of the cathode- 
ray tube, if it be a screen having long persistence, can be viewed as a whole. This is of 
importance in adjusting the instrument. (2) The electrical circuits of the coronaviser are 
simpler for the adopted scanning rate than for a very low one. (3) At this scanning rate 
of 30 revolutions per second a complete scanning cycle is completed in about 1 second 
and a large number of cycles are repeated in a few minutes. Since the screen of the cath. 
ode-ray tube will be photographed during this interval, a worth-while gain can be made 
in R, irrespective of the electrical performance of the instrument. If the exposure be 
made more than a few minutes in length, as when a lower scanning speed is used, addi- 
tional difficulties are presented, owing to such factors as imperfect guiding of the tele- 
scope and changing atmospheric conditions. Therefore, a rather indefinite compromise 
has to be effected between exposure time and frequency band width. 

It is desirable, of course, that R be as large as possible. The larger it is for the inner 
corona, the greater will be the extent of the features reproduced. Results of television 
tests have shown that, if R is as great as 10 for the picture on the cathode-ray tube, it 
may be considered quite satisfactory and that, even if it falls to 3, the picture is still 
recognizable. We may assume that the picture will have some value, even if R is as 
small as 2. 

It is now feasible, with the aid of equation (7), to estimate the performance to be 
expected of a coronaviser under standard conditions. The following parameters are 


adopted: 
TABLE 1 


Aperture of telescope objective.................. 6 inches 

Diameter of sun’s image at scanning focus........ 36 mm 
2 mm? 

Transmissivity of optical system (coated surfaces).. 80 per cent 

Sensitivity of photocathode (red'light)........... 40 microamperes per lumen 
Glare brightness at scanning focus (red light)... .. . 100 millionths of sun’s brightness 
Frequency band width.........................3500 cycles per second 

e (charge on the electron)...................... 1.6 X 10-'® coulomb 


A scanning aperture of the size mentioned will admit to the phototube about 3 X 10-* 
lumens of coronal light from the inner corona.’ We shall assume that the phototube 
and color-filter combination is such that only half of the light in the visual region of 
the spectrum, namely, that toward the red end, is effective. Therefore, /. = 1.5 X 10% 
and /, = 1.5 X 10-4. When these values are substituted in equation (7), the result for 
the signal-to-noise ratio in the cathode-ray-tube picture is only about 2.7. This value 
for R is none too high; but a definite increase can be made by photographing the tube 
over a number of cycles. Furthermore, several of the parameters in Table 1 are subject 
to variations or improvements that may easily yield a significant increase in the signal- 
to-noise ratio. 

It should be emphasized that this analysis is of only an approximate nature and that 
it depends upon several simplifying assumptions. The assumptions are believed to be 


8 Illumination by the corona is about one-millionth that by the sun, or one-half that by the full moon. 
Assuming that the brightness of the corona varies as R~® from the center of the sun, one finds that the 
brightness of the corona at the sun’s limb is equal to the brightness of the moon. We assume that at the 
inner limit of scanning the coronal brightness is 10-® that of the sun. 

The sun’s illumination at the earth’s surface is 105 meter candles = 10‘ foot candles. Therefore, the 
number of lumens of sunlight that would appear in an image of the sun at the final focus (no masking) 
is 104 & 2/42 X 0.8 = 1570. The area of the scanning aperture (2 mm?) is about 0.002 of the area of the 
solar image, so that the number of lumens of coronal light entering the photocell is 7, = 1570 X 10-* X 


0.002 = 3 X 10-*. 


— 
F 
: 
: 
Pal 


DEVELOPMENT OF THE CORONAVISER 247 


conservative. The result suggests that the coronaviser holds sufficient promise to war- 
rant further experimentation and development. 

At the invitation of Dr. Skellett and the Bell Telephone Laboratories the scanning 
unit, amplifier, cathode-ray tube, and all associated electrical parts of the original coro- 
naviser were lent to the McDonald Observatory for trial. The altitude of the Observa- 
tory is 6800 feet, and daytime skies of excellent clearness are frequently available. 

It was decided to mount the scanner of the coronaviser in connection with an optical 
system that would be essentially a duplicate of Lyot’s coronagraph, in order that scat- 
tered light might be reduced to a minimum. The objective was a single-element lens of 
5-inch aperture, free from bubbles and with an excellent polish. Light diffracted from 
the edge of this lens was eliminated by a second lens and a diaphragm, while the light 
of the sun was rejected by a small mirror and a masking disk at the focus of the objec- 
tive, allowing only the light from the region of the corona to proceed through a third 
lens, to be focused immediately in front of the scanning unit. The optical system was 
inclosed in metal dust covers. 

All the optical parts and the scanner were mounted on a steel channel that was rigidly 
bolted to the side of the 82-inch reflector. The coronaviser thus could be pointed directly 
toward the sun, and auxiliary mirrors were avoided. The mounting had the further ad- 
vantage that the accurate driving and guiding mechanism of the 82-inch telescope 
was available for the coronaviser. Since it was impracticable to mount the amplifier 
also on the telescope, the photocell of the scanner was connected to the amplifier by an 
8-foot cable, and the amplifier itself was placed on the floor of the dome. The remainder 
of the apparatus—including the modulator for the cathode-ray tube, the sweep-circuit 
amplifiers, and the tube itself—was placed at a little distance from the telescope in a 
small room that could be darkened when the screen of the tube was to be photographed. 
Connections were made to the amplifier and scanner by means of cables. 

Measures of the brightness of glare about 15’ from the limb of the sun at the scanning 
focus of the coronaviser showed that on the best days this glare was of the order of 50 
millionths as bright as the sun itself. These measurements were made with a photovoltaic 
cell having roughly the same spectral sensitivity as the human eye. This glare level 
is far lower than that with which the instrument had been operated at the Cook Observa- 
tory, where the lowest glare measured by Skellett was about 1250-millionths as bright 
as the sun. 

Beginning in August, 1940, and continuing throughout the autumn, tests and observa- 
tions were made. On several occasions patterns were obtained that had some resemblance 
to coronal features, but these could nearly always be traced to some instrumental origin. 
The patterns could be checked for reality by reversing the whole telescope, from one side 
of the polar axis to the other, which would have the effect of rotating the coronal pattern 
through an angle of 180° on the screen of the cathode-ray tube. In general this test 
showed that, aside from images of solar prominences, all the stronger patterns arose in 
the instrument. An effort to eliminate these spurious patterns was unsuccessful, al- 
though some of the sources of the patterns were discovered. 

It appeared that some of these sources of trouble might be eliminated by a scanning 
unit of revised design. This is not to be taken as a criticism of the original design, as any 
new and complicated instrument of this sort is likely to evolve through several stages of 
development. Some of these instrumental difficulties are listed below. 

1. Two glass parts, the plate supporting the scanning aperture and the second lens 
of the Lyot system, were near the focal planes of the optical system and were scanned 
along with the corona. It was extremely difficult to keep the four glass surfaces free from 
dust; consequently, the performance was generally impaired by illuminated dust par- 
ticles. 

2. The image of the scanning aperture formed on the cathode of the photocell was a 
rotating spot of light, brighter on one side than on the other, owing to decreasing glare 
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away from the limb of the sun. The rotation of this unbalanced spot on the curved suyr- 
face of the photocathode was capable of initiating strong low-frequency components jn 
the electrical signal. Similar effects would arise if the scanning aperture were not truly 
circular. The operation of the coronaviser was always limited to some extent by such: 
low-frequency components, even though they were minimized by the electrical filter, 

3. Alignment and adjustment of the lenses and scanner were rather difficult, since 
they were not easy of access when on the side of the large telescope. It seemed that a 
unified design, in which the scanner would be incorporated in a single assembly with 
most of the optical parts, would facilitate proper adjustment and would have the ad- 
vantage of greater rigidity. 

4. Some electrical and vibrational troubles were experienced with the cable connecting 
the photocell to the amplifier on the floor of the dome. It appeared that the use of a 
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Fic. 1.—Plan of the new coronaviser. The principles of the optical system are explained in the text. 
The first motor turns the lens L,. The second motor rotates the prism in its tube and also generates a 
sinusoidal deflection voltage to be applied to the deflection plates of the cathode-ray tube after amplifi- 
cation and division into two phases in quadrature. The third and smallest motor provides a slow-speed 
rotation of the spiral cam that governs the radial motion of the scanning aperture; it also turns the 
circular potentiometer that modulates the amplitude of the deflection voltage. The “‘phase modulator,” 
PM, introduces a radial decrement of brightness in the image. 


suitable electron multiplier phototube in place of the simple photocell and amplifier com- 
bination would eliminate all low-level circuits with their attendant troubles. 

With these considerations in mind a complete new scanning unit and optical system 
was designed and built at the McDonald Observatory. It is illustrated diagrammatically 
in Figure 1. An objective, L:, focuses an image of the sun, about 1 inch in diameter, on 
the masking disk that is supported by the second lens, 2. Just in front of the masking 
disk is a slightly smaller, tilted mirror, also supported by the lens, which serves to re- 
flect off to one side most of the light in the solar image. Several different disks, varying 
in size, are available, as in Skellett’s instrument. The lens 2 forms an image of the edge 
of the objective on a diaphragm just in front of L3. This is the main feature of the Lyot 
coronagraph, which prevents light diffracted from the edge of the objective from reach- 
ing the final focal plane. Just behind the diaphragm the light is collimated by the simple 
lens L3, after which it passes through a Dove trapezoidal prism. Another simple lens, 
Ly, focuses the light to form an image of the region of the corona on the screen imme- 
diately behind L;. This scanner operates on a different principle from Skellett’s; instead 
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of causing a nonrotating image of the corona to revolve around a central scanning hole, 
the image is kept centered on the optic axis, and the image itself is caused to rotate. This 
is accomplished by rotating the trapezoidal prism about its optic axis, which coincides 
with the optic axis of the whole coronaviser. The system has the property that the image 
rotates twice as fast as does the prism. The prism is adjustably mounted in a tube that 
js carried by large, self-aligning ball bearings, and it is rotated at about 860 r.p.m. by 
means of a helical gear drive from a motor. The gear on the prism tube is fastened to the 
side of a small flywheel by shock-absorbing rubber bushings. These precautions were 
necessary to prevent transmission of troublesome vibration to the optical image. This 
method of image rotation has proved satisfactory, and no observable ill effects of vibra- 
tion have been noticed. 

In the focal plane is the scanning aperture, SA, through which light from one small 
part of the optical image can pass to the phototube. The scanning aperture is caused to 
oscillate slowly and at constant linear speed along a radius, from the limb of the sun out- 
ward and back, to provide the radial component of scanning, while the rotation of the 
image at about 1720 r.p.m. provides the circular component. The effective path of the 
scanning aperture on the image of the corona is therefore a tightly wrapped spiral, as in 
the original scanner. Close to the scanning aperture the light passes through a positive 
lens, L;, centered on the axis. This refracts the light back to the axis, where it strikes the 
cathode of the phototube. At the same time L; forms on the photocathode an image of a 
circular diaphragm that is just behind the rotating prism. The spot of light on the cath- 
ode is therefore circular, stationary, and nonrotating. In addition, the restriction that 
the scanning aperture be circular has now been removed. Some gain was made by form- 
ing the scanning hole of two crossed slits—a fixed radial slit and a tangential slit, to 
which a slow radial motion is given by means of a spiral cam. The widths of these slits 
may be so adjusted that the resolution of the image is greater in the angular co-ordinate 
and less along the radius (where it may well be less, since the coronal streamers are es- 
sentially radial). Thus, for a given effective resolving-power, more light may be admit- 
ted to the phototube than when using a circular scanning aperture. Also, the radial slit 
may be given a V-shape, so that resolution is relatively high for the bright, inner corona, 
yet so that the aperture expands to admit more light from the faint outer regions. 

It will be noted that this design eliminates the scanning of the two surfaces of the 
glass plate that was required to support the scanning aperture in the original instru- 
ment. The lens L; is, of course, in the plane of the image; but it is scanned only at the 
radial frequency (about once in 2 seconds), which is so slow that it is not harmful. The 
only thing remaining to be scanned with the corona is the second lens, Le. This lens is 
required to support the masking disk and rejecting mirror and also to form an image of 
the objective on the diaphragm. However, scanning of this lens, too, can be avoided. 
The light entering the scanning aperture at any instant arrives from a conjugate focal 
point in the first image near the plane of Ls, and this focal point moves on L» in a tight 
spiral—an image of the scanning pattern. If we now arrange to rotate Le, with its mask- 
ing disk, at the speed of circular scanning, this conjugate spot no longer scans the surfaces 
of the lens; therefore, small dust specks on the glass will be of little consequence. Actual- 
ly, if L2 is correctly centered in its rotating tube, it need not rotate at precisely the same 
speed as does the optical image, since a very slow scanning of the lens will have no effect. 
Some of the previous restrictions on extreme optical cleanliness are relaxed by this de- 
vice. The lens 2 is mounted in a rotating tube carried by two large, extra-light ball 
bearings. It can be accurately centered in its tube by a special adjustment; and, in 
addition, the whole assembly is mounted upon a plate having vertical and lateral adjust- 
ments, in order that the axis of rotation may be brought into coincidence with the axis 
of the rotating prism. The tube is rotated by a small motor, through a belt drive, at 
1720 r.p.m. 

The sinusoidal voltage for the sweep circuit of the cathode-ray tube is generated and 
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modulated in a manner similar to that originally used. The rotating magnet is carried 
by the shaft of the motor that turns the image-rotating prism. The motor speed is twice 
that of the prism tube; hence the magnet turns at the same rate as the optical image, 
The rotating potentiometer that modulates the amplitude of the sweep voltage is turned 
by the camshaft that initiates the radial component of scanning. This camshaft js 
driven through a variable-speed transmission by a separate motor, which is synchronous, 
with a speed of 1800 r.p.m., while the prism-rotating motor has a speed of about 1720 
r.p.m. Therefore, the speeds of circular and radial scanning are incommensurable. The 
result is that the successive spiral paths traced out by the electron beam on the screen 
of the cathode-ray tube differ progressively in phase angle; in the language of television 
the patterns are iriterlaced to a high degree, and no trace of the spiral appears on the 
final photograph. The transmission for driving the cam and potentiometer may be ad- 
justed to give 12, 18, 36, or 48 complete scanning cycles per minute, with a consequent 
variation in the tightness of the spiral pattern. Another adjustment is that of the lever 
which transmits the oscillatory radial motion to the scanning aperture. By altering the 
position of its fulcrum, the outer limit of the scanning pattern may be varied to suit the 
conditions at hand. 

From the complexity of the optical system of this instrument, one might suspect that 
its alignment would not be a simple task; and, in this, one would be correct. However, 
after some experience it is found possible to center the rotating image quite accurately 
in a few minutes. The trapezoidal prism is, of course, adjustable for centering and align- 
ment. In addition, it was found necessary to provide a centering adjustment for the 
collimating lens, 3, inside the rotating tube. Without this, precise centering of the opti- 
cal image was impossible. 

With the exception of the substitution of the electron multiplier for the simple photo- 
cell and a consequent reduction in the number of stages of conventional vacuum-tube 
amplification, the electrical circuits of the revised coronaviser remain fundamentally un- 
changed. As shown in the block diagram of Figure 1, the phototube is connected by a 
cable to an amplifier. From this the signal proceeds through the filter to a second ampli- 
fier that modulates the intensity of the cathode-ray tube. The modulated 30-cycle sinu- 
soidal voltage from the sweep generator passes through an amplifier and a phase divider 
to the two pairs of deflecting plates of the tube. The picture formed on the screen, S, is 
photographed by the camera, C. Figure 2 shows the coronaviser mounted on the side of 
the 82-inch telescope, and Figure 3 is a photograph of the scanning unit. 

The foregoing discussion has covered the fundamentals of the coronaviser. It is per- 
haps worth while also to mention a number of additions or improvements to the instru- 
ment that either have been made already or are contemplated if it shows sufficient 
promise. 

1. A simple ‘glare meter’’ has proved useful in indicating relative glare brightness at 
the scanning focus from day to day. It consists of a photovoltaic cell that may be swung 
into the light-path just behind L, in the scanning unit. The cell is connected directly to 
the microammeter shown on the side of the scanning unit in Figure 3. 

2. Trouble has been experienced owing to small insects flying high over the observa- 
tory between the telescope and the sun. They diffract sufficient light to cause bright 
streaks or flashes to appear on the screen. A “flash suppressor’ has proved useful in 
combating these effects. The flash suppressor is similar to certain noise silencers em- 
ployed on some elaborate radio receivers. It is inoperative unless the signal voltage at- 
tains an amplitude higher than that required for normal picture elements. When this 
voltage exceeds a certain predetermined limit, the suppressor causes the output of the 
signal amplifier to drop to zero for the duration of the flash, thus preventing it from ap- 
pearing on the screen and spoiling the picture. 

3. Since one has to deal with low signal-to-noise ratios and generally depends upon 
photographing the picture on the screen of the cathode-ray tube, it appears that 
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Fic. 2.—-The coronaviser mounted on the Fic. 3.—Scanning unit. The image-rotating prism is 
side of the 82-inch reflector. The scanning in the tube behind the metal panel. Note the cam and 
unit is at the right. : potentiometer driven by the small motor. The phototube 


is in the round shield can at the right. 
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any possible nonuniformity of the screen with respect to sensitivity and light-output of 
the phosphor may become important. This effect, if it becomes troublesome, may be 
eliminated by modulating the intensity of a second, very small cathode-ray tube to which 
no electrical deflection is applied. This tube should have a screen of very short persist- 
ence. Facing the tube is a small (35-mm) camera attached to the end of a shaft that ro- 
tates at the circular scanning speed. The radial component of scanning can be obtained 
in the picture either by a lateral displacement of the tube or by a tilting motion applied 
to the rotating camera. If such an arrangement were used, it would doubtless be ad- 
visable to retain the larger cathode-ray tube with its complete picture, for use in adjust- 
ing the instrument. 

4. When the exposures last more than a few minutes, the optical image is likely to 
drift off to some extent, owing to imperfect following of the telescope. Manual correc- 
tion is likely to be so abrupt as to spoil the picture. This can be remedied by automatic 
guiding, which is rather simple to apply if the telescope is equipped with electric slow- 
motion controls. The signal output of the coronaviser itself can be used to accomplish 
the guiding, since, if the optical image is imperfectly centered, a 30-cycle component will 
appear in the amplifier output. A second output channel should be provided to present 
the signal to two simple phase-discriminator circuits, one for right ascension and one for 
declination. These circuits will control relays that actuate the telescope slow-motion 
guiding motors in such a way as to remove the error. 

5. A still further refinement, but one of less importance, is a so-called ‘phase modu- 
lator,”’ which has already been employed. Its purpose is to present, in the cathode-ray- 
tube picture, a radial decrement of intensity away from the limb of the sun. The corona- 
viser discriminates against any such decrement in the optical image, on account of the 
slow radial component of scanning, and there is no possibility of reproducing true radial 
decrement of intensity in the corona. If it is thought desirable, the phase modulator can 
be employed to give the picture a more realistic appearance, but it must be borne in 
mind that any radial decrement of intensity in the otherwise uniform background of the 
picture is entirely arbitrary. 

Preliminary tests of the improved coronaviser were made at the McDonald Observa- 
tory in the summer of 1941. First, an artificial pattern was scanned. This consisted of a 
geometrical array of lines and arcs drawn with ink on transparent celluloid. It was placed 
at the focus of the objective, in the plane of the masking disk, and then illuminated. Re- 
production of this pattern on the screen of the cathode-ray tube proved the performance 
of the instrument to be satisfactory as far as frequency response and geometrical fidelity 
were concerned. Next, the coronaviser was pointed at the moon. Sections of the moon 
were reproducible by scanning. The edges were distinct, and some surface detail could 
be seen. The moon has about the same surface brightness as the inner part of the solar 
corona, but it offers no adequate test of ability to discriminate against glare. 

At the time of these tests the coronaviser was far from being in the best possible con- 
dition. None of the optical surfaces had been coated to reduce reflection and scattering. 
The objective used was a doublet, in place of the simple lens of the first trials. The 
achromatic properties of the doublet made it possible to scan much closer to the limb of 
the sun, but the polish of the lens was inferior, and the glass contained a number of small 
bubbles. For these reasons the amount of light scattered in the optical system was much 
greater than the minimum attainable. The electron multiplier phototube in use for the 
tests had its maximum sensitivity in the blue-green region of the spectrum rather than 
in the red, and its cathode sensitivity was somewhat lower than that of the more suitable 
red-sensitive electron multipliers now available. Furthermore, the phototube was oper- 
ated at room temperature; no attempt was made to reduce the dark current by cooling. 
All these factors reduced the efficiency of the coronaviser to such an extent that it could 


hardly be expected to show coronal features. 
Even in this condition, however, it was possible to carry out useful experiments. 
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When the coronaviser was first tried on the sun, spurious patterns of instrumental origin 
appeared in the picture; but it was found possible to discover the sources of these pat- 
terns and to eliminate them. The result was that a practically uniform illumination of 
the screen, due almost entirely to electronic noise in the phototube, was obtained, even 
when the lowest frequencies (less than 100 cycles per second) were permitted to pass 
through the amplifier. A very faint, residual pattern remained in the region of the inner 
corona. Whether this was real or not it was impossible to determine in the time available. 
One of the resulting photographs is reproduced in Plate XIV. The important conclusion 
to be drawn from these tests is that instrumental modulation of the light due to the 
scanning process can be reduced to inconsequential levels. Since this is so, it appears 
obvious that the next steps are the further reduction of scattered light by improvement 
of the optical system and the use of a more suitable electron multiplier. Whether the 
signal-to-noise ratio can thereby be raised to a level sufficient to yield good pictures of 
the corona is a question that only a thorough series of observational tests can settle. 


The courtesy of the Bell Telephone Laboratories in placing the original coronaviser 
at the disposal of the McDonald Observatory and the many helpful suggestions of Dr. 
Skellett are gratefully acknowledged. The new scanning unit was built by Mr. John 
Vosatka in the Observatory shop. Construction of new parts for the coronaviser was 
carried out with the aid of a grant from the American Philosophical Society. 
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SPECTROGRAPHIC OBSERVATIONS OF PECULIAR STARS. IV.* 
P. Swincs AND O. STRUVE 


ABSTRACT 


I. New observational results.—AX Persei in January and February, 1942, showed the lines of [Fe y| 
and [Fe v1] with considerable intensity. Other interesting changes in the spectrum have been recorded, 
RW Hydrae is interesting because of the absence of fluorescence excitation in O 111 and because the He | 
singlets (2p'P® — nd'D) are relatively strong. Z Andromedae has returned to a stage similar to that ob- 
served in August, 1940. T Coronae Borealis has bright Fe 11, but the absence of {Ne v] shows that the 
excitation is lower than in Z Andromedae. Z Canis Majoris has been observed near maximum light. 
Several Of and W stars have also been observed. 

II. Excitation mechanisms in shells —The importance of fluorescence excitation is discussed and is 
applied to the problem of selectivities among emission lines of peculiar stars. Of particular interest are 
the ratios of singlet to triplet intensities of He 1. The great relative strength of the singlets in objects of 
low excitation, like RW Hydrae, is attributed (a) to the predominance of fluorescence over recombination 
and (6) to the presence of high radiation density in the nebulous shells of the singlet series (1s'S — np'P®) 
of He 1. Similar considerations are applied to unusual intensities of emission lines in Of shells and in P 
Cygni or Be shells. The influence of departures of the exciting radiation from that of a black body is 
discussed for novae and for certain long-period variables. When fluorescence is produced by strong 
ultraviolet emission lines, as in the case of Bowen’s mechanism for O 11, the gradient in the velocity of 
expansion of a shell produces important modifications. This may account for absence of the Bowen 
mechanism in Wolf-Rayet stars and in other rapidly expanding shells. 


Our knowledge of the spectroscopic characteristics of stars surrounded by sheils has 
made considerable progress in the last two years.'! On the basis of the extensive observa- 
tional material collected, it is appropriate at the present time to discuss the excitation 
mechanisms in shells; this is the main object of this paper. In section I additional obser- 
vational data are given which have a direct bearing on the excitation mechanisms; the 
latter are discussed in section II. 


I. NEW SPECTROSCOPIC DATA ON EXTENDED ATMOSPHERES 


AX Persei.—In our last report on this star? we mentioned the very striking change 
which had taken place between January and August, 1941. In January, 1941, the 
[Fe vu] lines had disappeared, whereas they had recovered considerable intensity in 
August, 1941. Various changes were observed, indicating an increase in excitation since 
January, 1941. Several spectrograms of AX Per were obtained in January and February, 
1942, with a dispersion of 40 A/mm at A 3933 (Pl. XV). The following facts have been 
noted: 

1. The [O 1] lines are fairly strong (int. 4 and 2); this is the first time that these lines 
have reached such an intensity since our observations were started in September, 1939. 
This suggests that the density has decreased appreciably since August, 1941, at least in 
the outer nebular regions where [O 11| originates. It is known that the transitions of 
nebular type of [O 11] have extremely low transition probabilities. 

2. The intensity ratio of the auroral and nebular transitions of [O 111] has decreased 
since August, 1941, also indicating a decrease in density. 

3. The comparisons with August, 1941, and January, 1941, are summarized in 


* Contributions from the McDonald Observatory, University of Texas, No. 56. 


1 For reviews of the problems of gaseous shells see O. Struve, Ap. J., 95, 134, 1942, and P. Swings, 
Ap. J., 95, 112, 1942. 

2Ap. J., 95, 152, 1942. Previous reports: Ap. J., 91, 607, 1940; 94, 298, 1941. In our first paper 
(Ap. J., 91, 607, 1940), the line \ 3705.0 of Table 29 should be identified with He 1, and the line \ 3820.4 
is a blend of [Fe v] and Het. 
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Table 1. Compared with 1939, [Fe vit] 3587 has increased in intensity relative to 
O m1 3444 (fluorescence line). 

4. The Balmer series may be followed to H2;; Hie, His, and H2 are abnormally strong, 
but the blending elements are not identified with certainty. Using the formula of 
Teller and Inglis* on the termination of spectral series brought about by static Stark 
effect due to charged particles, we obtain for the regions of hydrogen emission an electron 


it 
N < 10” per 


5. The 4f°F° — ng’G series of He 11 is observed to at least n = 21. 

6. The relative intensities of the singlets and triplets of He 1 are intermediate between 
those in nebulae and those in low-excitation objects like RW Hydrae (see sec. II). 

7. Sit ( 3905, int. 0) and Cat (K, int. 1) are present, but they may belong to the 
late-type companion. [|S 11] (int. 2+ and 1) and [K v] (int. 1) are also present. [S$ 11] was 


TABLE 1 


LINE INTENSITIES IN AX PERSEI IN JANUARY, 1942 
COMPARED WITH INTENSITIES IN AUGUST, 1941 
AND JANUARY, 1941 


. Jan. 1942 | Jan. 1942 
Elements 
Aug. 1941 Jan. 1941 
Ne Stronger | Same 
Nin/H.. Stronger Probably weaker 
Stronger Probably weaker 
[Fe vut]|/Her..... Same | Much stronger 
About the same Probably weaker 


*\ 4388 = 2p!P¢ — 5d'D; 44026 = 2p*P° — 


not observed previously; a line of [Fe v] (int. 2) appears at \ 4072 between the two [S 1] 
lines. Fe 11 4179 (int. 1+) is well separated from [Fe v] 4181 (int. 1+). 

8. The late-type absorption features have about the same radial velocity as the 
bright lines. 

9, The physical conditions in the nebular region have become such that [Fe v] and 

Re v1] appear with considerable intensity, making it the first striking example of this 
type (see Pl. XV). In the ultraviolet region a conspicuous line appears at \ 3664 which 
is the ‘F;, — Do, transition of |Fe vi]. Several other strong lines of [Fe v1] appear, es- 
pecially in the visual region, although observations in the visual region are complicated 
by the presence of the late-type features belonging to the M-type companion. As for 
[Fe v], it is mainly characterized by Ad 3892 — *Fy), 3839 — 3F3), 3896 (D3 — 
‘P.), and 4071 (®D2. — *P,). It may be noted that these strongest lines correspond to the 
same transitions as the strongest lines of [Fe 11], this being due to the fact that Fe m1 
and Fe v have complementary electronic configurations 3d° and 3d‘ with regard to the 
half-closed shell 3d°. The lines \ 3892 and \ 3896 give a striking doublet to the red of 
Hs, whereas \ 3839 is near Hy; \ 4071 lies between the two [S 11] lines and may have been 
mistaken for |.S 11] in previous descriptions of nova spectra. 

Since the spectra of |Fe v] and [Fe v1] may play an important role in peculiar stars, 


Ap. J., 90, 439, 1939. 
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especially in certain nebular stages of novae, we have summarized our results in Tables 
2 and 3. 

From the intensity of [Fe v1] 3664, we may infer that the lines of [Mn v] and [Cr IV] 
that might be easiest to detect are those corresponding to the same transition ‘F;, ~ 
2Do,, i.e., [Mn v] 4203.5 and [Cr Iv] 4971.8; these lines are absent from AX Per. 

For the lines of \ < 4200 our measured wave lengths of [Fe v] and [Fe v1] are better 
than the values predicted from the analysis of the far ultraviolet spectrum by Bowen, 
Our measured wave lengths of the ultraviolet [Fe vm lines are \ 3586.31 and \ 3759.4 
but the latter is blended with O m1. : 


TABLE 2 
[Fe v] LINES IN AX PERSEI (JANUARY-FEBRUARY, 1942) 


Notation* | d Pred. din AX Persei | Int. in AX Persei 

44....... 3892 3801.4 | 3-4 

3-3... 3839 3839 3 2 

3795 _.| Blended with Hio 

2-3.. 3783 3784.2 | 1-2 

| 3755 3754.8 | 2 blendedt 

3-2. . 3851 ....| Blended with [Fe v1] 

4-2.. 3765 | Absent 

5sD—3P 3-2........ 3896 3895.4 3 

4071 4071.4 2 

LE | 4181 4180.6 1 

3838 3839.3 | 2 blended 

3970 ..| Blended with He 

2-0.. 4230 Absent 

0-1. . 4003 4003 .7 | 1-0 blendedt 
5pD—3G 4-5. 3430 3430.4 1-0 

3-4. 3407 3405.8 1-0 

2-3. 3400 23403 .1 0-1 


*The®D — 4G transition is very weak. The situation with respect to 5D — *H is confused be- 
cause of blends, but this multiplet is probably absent. There is no evidence of other transitions. 


t The two lines measured in AX Per at \ 3754.8 and 4 4003.7 cannot be due entirely to [Fe v], 
since they are also present in CI Cygni, in which [Fe v] is very faint (see Pl. XVI). As is apparent 
from Plate XVI, He1, Si1, Siu, Cam, and Fe u are stronger in CI Cyg (April, 1942) than in 
AX Per (February, 1942); although, from the intensity ratios [Fe vu|/|Fe vi)/|Fe v], CI Cyg 
reveals at the same time higher ionizations than AX Per. Hence CI Cyg combines very high and 
very low ionizations without intermediate stages to an extent still more pronounced than AX Per. 
A number of lines remain unidentified in CI Cyg and will be discussed later. 


RW Hydrae.—This object has the remarkable characteristic of showing the complete 
O 11 spectrum in emission.‘ Plate XVII shows the 3s*P® — 3p’D and 3s'P° — 3p'S multi- 
plets, without the usual enhancement of 3759.87 (3s*P} — 3p*D3), which characterizes 
the line excitation by He 1 303 in nebulae. The relative intensities of the O 111 lines are 
about the same as in the WC star BD+30°3639. But whereas BD+30°3639 contains 
oxygen and carbon, RW Hydrae shows oxygen and nitrogen but no carbon. Thus it ap- 
pears probable that the bright O 11 lines belong to a nebulosity and not to an exciting 
star of Wolf-Rayet type; the O 11 lines are also too sharp to belong to a normal Wolf- 


4 Proc. Nat. Acad. Sci., 26, 458, 1940. 
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Rayet star. There is no trace of [Ne v| lines. The Balmer series is observed to H3:. The 
Het singlet, \ 4388 (2p'P® — 5d'D), is stronger than the triplet \ 4026 (2p*P® — 5d®D), 
in striking contrast with the nebulae. The increase in excitation observed between 1940 
and 1941° has continued, as is shown by the intensity decrease of Ca 1 relative to Het 
and by other criteria. 

The excitation mechanisms will be discussed in section II. The radial velocities of the 
emission and absorption lines are identical and are the same as in 1940, 

Z Andromedae.—Since August, 1941, the [Ve v] lines have increased considerably in 
intensity, so that the present appearance of the spectrum, six months after the minor 


TABLE 3 
[Fe v1] LINES IN AX PERSEI (JANUARY-FEBRUARY, 1942) 


Notation d Pred. Int. in AX Persei 
34-23... 3064 3662.6 0.95 4 

25-13... 3558 3555.6 68 1 

35I@ | 12 0-1 

13-13.. ..| 3495 3496.5 37 1-0 
‘F—2G 44-43.......| 5177 | 5177 56 3 

34-4 4969 4970 1 

24-3 4974 | 4974 20 1 

34-2 5429 5430 081 1 

24-2 022 t 
4F-—2H 43-5} 3675 0013 | Probably absent 

34-53 3569 000046 Absent 

43-43 3740 ? .0056 | 1 uncertain 

33-43 3630 0033 Absent 

24-44 3543 .000082 | Absent 
‘F—2P 24-4. 3849 3851.8 0042. 0 

13-3. 0067 | Probably absent 

24-1} 3891 3891.4 42 | Blended with [Fe v] 

14-1} 3815 3813.9 27 1-2 
4F—4P 33-2} 5429 5430 08 | 1 blended 

24-2} 5237 022 

33-1} 5632 AS t 

24-13 5425 5424 13 | 1 blended 

14-13 5279 Blended with [Fe vi] 

24-3 5486 13 t 

14-4 5336 0.23 t 


*From S. Pasternack, Ap. J., 92, 129, 1940. 
t Observation difficult or impossible because of late-type features. 


outburst of 1941, is similar to the appearance in August, 1940,° approximately nine 
months after the major outburst of 1939 (Pl. XVIII). 

Very striking changes are observed in the intensity of O 111 3444, excited by He 11 303. 
This intensity appears to be very sensitive to changes in the density or velocity distribu- 


tion in the ejected shell. 
T Coronae Borealis —The presence of bright Fe 1 lines in T CBr increases its simi- 


5 Ap. J., 94, 296, 1941. 
6 Ap. J., 93, 356, 1941. In Table 1 of this paper the lines \\ 3277.0 (1E), 3281.1 (1E), and 3323.6 
(1E) should be attributed to Fe 11. 
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larity to Z And, although the absence of [Ne v] in T CBr shows that the excitation stil] 
remains lower than in Z And. 

A comparison between T CBr and Z And is especially interesting in the region 
\ < 3400 A.” Like Z And, T CBr shows O 111 3340 (fluor.), Fe 11 3323, O 111 3312 (fluor.), 
Fe u 3277; but there is no trace of [Ne v]. 

Z Canis Majoris.—The spectrum of this variable star has been described near maxi- 
mum brightness by Merrill’ and near minimum brightness by us.’ Spectrograms were 
vbtained in January, 1942, with a dispersion of 40 A/mm at d 3933, when the star was 
about of the same brightness as when observed by Merrill (myis ~ 9). Our spectrograms 
(Pl. XIX) show strong Balmer lines (in pure absorption from H,; to Hy; the emission 
begins faintly at Hs and increases regularly toward Ha); present are Ca 1 (K: int. 5E, 
5A; H blended with He); Ti 11 (AX 3685, 3759, 3761, all in absorption only); Fe 1 (many 
permitted lines; no forbidden transitions are present, except a doubtful \ 4359). Het is 
absent. These features agree with Merrill’s description. The differences between the 
radial velocities of the emission and absorption components are at present 192 km/sec 
for Cau, and 390 km/sec for the mean of He, Hé6, and Hy. 

The violet-displaced absorption components of the Balmer and Fe It lines are fairly 
broad, and the displacements are very large. In this respect the star should be compared 
to the P Cygni object of higher excitation, CD—27°11944," but this latter star shows 
Het, Nu, and [Fe 11] lines. 

Merrill made the observation that the absorption components were not seen for all 
Fe 11 lines. This behavior of Fe 1 deserves careful scrutiny. We have listed in Table 4 
the classified Fe 11 lines which are observed on our spectrograms. 

The strong Fe 11 lines, \ 4233 and \ 4352, are present only as fairly sharp emissions, 
with no absorption components; but the lines \A 4924, 5018, and 5169 have strong, 
violet-displaced absorption components. Actually, those Fe 1 lines which have the 
lower level a®S possess strong absorption components, whereas those which have the 
lower levels b*P, b*F, or a*G are present in emission only. Yet all the excitation po- 
tentials are very similar, and so are the intensities in the sun and in a Cygni. The 
Nf-values are also very similar; according to C. W. Allen," \ 4924 and d 4352 have the 
solar equivalent widths 0.131 and 0.124 A and the log V/f-values 3.14 and 3.13, respec- 
tively. The level a®S has the same multiplicity as the ground level a®D. The different be- 
havior of the multiplets a®S — z*®P°, z°F°®, compared with b*P — z*D°®, z*F°, b*F — z*D°, 
z4F°,and a4G — z‘F°, is perhaps a phenomenon similar to the selectivities observed among 
the lines of Sim, Nm, N1v, C1, N11, etc., in shells of higher excitation. This phenome- 
non is not unusual in astronomical sources. It is present in 17 Leporis, CD —27°11944,” 
BD+47°3487,!3 and HD 160529.'4 In some of these P Cygni type stars the velocities 
obtained from the different Fe 11 multiplets are quite different." 


7 For comparison purposes the spectra of a number of nebulae were taken in the region AA 3100-3400. 
In IC 2165 (high-excitation nebula) the lines observed are: {Ne v] 3346 (int. 5), O m1 3340.5 fluor. (int. 
4), O mr 3312 fluor. (int. 3), O mt 3299 fluor. (int. 1), He 1 3203 (int. 3), O m1 3132 fluor. (int. 4). In IC 
418, only the He 1 lines \ 3356 (int. 1) and \ 3188 (int. 4) are observed. Similarly, only He 1 is observed 
in the Orion nebula. In this connection it is worth noticing that, whereas the [Fe 11] lines \ 4658 
(®D,—3F,) and 5270 (®D;—?P,) are definitely present on our spectrograms of the Orion nebula (in 
agreement with Wyse’s observations [A p. J., 95, 356, 1942]), there is no trace of the 5D—*D and *D—'S 
forbidden multiplets of [Fe 11]; these should appear in the region AA 3200-3400. 


J., 68, 291, 1927. 9 Ap. J., 91, 576, 1940. 10 Ap. J., 93, 352, 1941. 
11 Mem. Commonwealth Solar Obs., Canberra, 5, Part IT, 91, 1934. 
12 Ap. J., 93, 352, 1941. 13 Ap. J., 91, 577, 1940. 


14 Ap. J., 91, 592, 1940. In this connection it may be remarked that in the P Cyg type star, AG 
Peg, Merrill (Ap. J., 95, 386, 1942) measured a sharp bright line at \ 3938.3 A, whose identification 
with Fe 11 (A 3938.29) he considered as improbable. There is little doubt that the line should actually 
be attributed to Fe 11, since we measured a strong line at A 3938.29 on our Coudé plates of a Cyg; in this 
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Of and W stars.—It is known that the Of shells often have variable spectra,’ the best 
example being HD 108.!° Until about November, 1940, the bright lines were decreasing 
in intensity, so that on November 12, 1940, 6 appeared purely in absorption, and the 
N m1 emission had also become very weak. Since then the intensities of the emission 
lines have been steadily increasing. In January, 1942, the bright component of HB was 
fairly strong, and a faint emission component had appeared at Hy. The bright lines of 
N 4634 and d 4641), He 1 5876), He 11 4686), and C 111 (A 5696) had recovered 


TABLE 4 
Fe 11 LINES IN Z CANIS MAJORIS 


MULTIPLET TRANSI- LABORATORY Las. | INT. IN 


DESIGNATION TIONS Wave LENGTH INT. a CyGni* 

Abs. Em. 
24-34 | 4178.85 8 $ of 
24-3} 4233.17 11 3 

14-23 4351.76 9 10 ee 2 
-} | 4385.38 7 1 
b'F—z!D®... 14-4 | 4508.28 8 2 
24-14 4522.63 9 2 blended 
34-2} 4549 47 10 15 bl. |..... 2 
44-33 4583.83 11 2 
34-34 4620.51 3 1 
24-24 | 4515.34 7 1 
33-3} | 4555.89 8 1 
44-45 | 4629.34 7 Be 1-2 
23-18 12 10 3 3 
24-24 5018 43 12 10 3 3 
23-3 5169.03 12 8 3 4 
a'G—z‘F°.. 23-13 5197.57 6 1 
34-23 5234 62 7 1 
44-3 5275.99 7 1 
54-4 5316.61 8 8 0 2 
asS— 23-34 5284 09 3 4 0 1-0 


* Ap. J., 94, 344, 1941. 


an appreciable intensity. All have faint violet-displaced absorption components. The 
bright C 111 line, \ 5696, has approximately the same intensity as the N 11 and Het 
lines. 

With regard to the W stars, we wish to point out that, as far as we know, the brightest 
Wolf-Rayet star in the sky, y Velorum,"’ has not been accurately classified, although a 


latter star the line Fe 1 3938.29 is stronger than Fe 11 3938.97, in contradiction to the laboratory intensi- 
ties according to Dobbie. In our first paper on AG Peg (Ap. J., 91, 546, 1940) the intensities of Het 
4471 should be 7A and 7E, instead of 1A, 1E. 


MAS: F., 95, 122, 1942; 
16 Pub. A.S.P., 53, 35, 1941. 
17 g(1900) 86™27s; §(1900) — 47°03’; myis = 2.22; HD 68273; CD—46°3847. 
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good description was published by Miss Cannon forty years ago.'* A spectrum of this 
star, as obtained at the McDonald Observatory, is given in Plate XX. It is apparent at 
once that the star is characterized by the five strong emission lines—C 111 + C tv 4650 
(int. 10), He 11 4686 (int. 5), C m1 5696 (int. 8), C 1v 5805 (int. 7), and He 1 5876 (int.5)— 
each of them possessing a violet-displaced absorption component. C Iv 5805 is sharper 
than C 11 5696. The other faint emissions in the spectrum belong to He1, He u, Cn, 
C m1, C1v, O11, and O1v. According to the criteria adopted by the I.A.U., y Velorum 
is a typical WC7 star. As far as we know, the trigonometric parallax of y Velorum is not 
known. 

Several spectrograms have been obtained of the Of star ¢ Puppis, which displays 
fairly strong bright lines of He 1 and N m1, but no trace of C m1. 


II. EXCITATION MECHANISMS IN SHELLS 


It is usually assumed that the three mechanisms of excitation of emission lines in 
nebulae are: (1) the recombination of ions and electrons, the ionization being produced 
by absorption of the ultraviolet radiation of the exciting star and of the nebula itself; 
(2) the excitation by impacts from electrons ejected by mechanism No. 1; and (3) the 
excitation of a few selected lines of O m1 and N 1 by the resonance line of He 11.'9 

These three mechanisms of line excitation in nebulae have been discussed by various 
authors, especially by Bowen,”° and they have accounted satisfactorily for the nebular 
spectra. 

But the situation is different when we consider various stellar envelopes of much 
smaller extension, such as the Of, P Cygni, and Be shells, in which a number of observa- 
tions cannot be explained by these three mechanisms. One of the most striking de- 
partures is the selectivity observed among the transitions of He1, N m1, V iv, Cm, 
Sim, Nu, Fe, etc., when they appear as bright lines. This selectivity has been con- 
sidered in several recent papers.”! We now suggest that fluorescence excitation by the 
underlying radiation may account for the observed selectivity, at least when combined 
with the general physical properties of the shells: the physical dilution of the exciting 
radiation, the stratification of the layers, the velocity and density distribution within the 
shell. When a variation occurs, the relaxation time has also to be considered. The 
fluorescence mechanism excited by the underlying radiation may in principle be treated 
by the theory of cyclical transitions of Rosseland.” Astronomical applications have been 
discussed by H. H. Plaskett,?* C. H. Payne,”4 O. Struve,” and others, but have been 
more or less neglected in recent years. The spectroscopic material on peculiar stars, 
which we have gathered during the last three years at the McDonald Observatory per- 
mits a detailed observational discussion of the mechanism in a wide variety of shells. 

The fluorescence mechanism may become active when the mean interval of time be- 
tween two collisions becomes longer than the average lifetime of an atom in the excited 
states considered. In many shells we can determine the maximum value of the electron 
density by applying the formula of Inglis and Teller on the termination of spectral series; 
the maximum densities obtained in this way for nebulae, Of, P Cygni, or Be shells are 


18 Harvard Ann., 28, Part II, 244, 1901. See also Perrine, Ap. J., 52, 39, 1920; F. McClean, Spectra of 
Southern Stars, P|. 6, London, 1898. 


19 Some other monochromatically excited fluorescences may exist in nebulae, e.g., the emission of 
He 1 4686 (Bowen, Ap. J., 81, 1, 1935). 


20 Thid. 

21 4p. J., 91, 570, 1940; 95, 122, 1942. Also sec. I of the present paper. 
22 Ap. J., 63, 218, 1926. 

23 Pub. Dom. Ap. Obs., Victoria, 4, 119, 1928. 

24 M.N., 92, 368, 1931. Ap. J., 81, 66, 1935. 
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of the order of 10'*-10'* electrons per cm*.”* On the other hand, at an electron tempera- 
ture of 25,000° the critical electron density for which the mean interval between two 
electron impacts on an atom becomes equal to 10~7 seconds, is about 10% electrons per 
cm’. Consequently, the densities in Of or P Cygni shells are favorable to fluorescence 
excitation. 

It should be pointed out that the exciting radiation reaching an atom A at a specific 
location in the shell is usually different from the black-body radiation at the effective 
stellar temperature 7., reduced by a geometrical dilution factor W independent of X. 
Even if the photospheric radiation is that of a black body at a temperature T,, the radia- 
tion reaching A will usually be depleted by discrete or continuous absorption features 
or will be enhanced by emission features. For example, strong Lyman absorption lines 
in an underlying star should strongly affect the intensities of the Balmer lines excited by 
fluorescence in an outer stationary shell. 

A comparison with the classical laboratory experiments on atomic and molecular 
fluorescence is useful. The fluorescence of any atomic or molecular vapor excited in the 
laboratory by continuous ‘‘white light” is totally different from that excited mono- 
chromatically. Whenever the stellar exciting radiation possesses absorption or emission 
features, the resulting fluorescence should be considered as a superposition of mono- 
chromatically excited patterns, each of these having a specific intensity.” Similar con- 
siderations should be applied to atomic ionization and molecular dissociation. 

The absorption coefficient for the fluorescence excited by the underlying radiation is 
much larger than the coefficient of photoelectric absorption. But, since the photo- 
ionization is produced by the continuous range of wave lengths beyond the ionization 
limit, the recombination mechanism will usually be more efficient than the fluorescence 
process, unless the ultraviolet ionizing region of the underlying radiation is depleted. 

The relative efficiency of the recombination and fluorescence mechanisms may be 
stated as follows: Asa first approximation, the probability of the capture of an electron 
by an ion A+ (recombination mechanism) is proportional to pa+ X p., if p designates 
the density. If collisions of the second kind are absent, the probability of the fluorescence 
excitation of a specific line is proportional to p4/,, if 7, is the amount of exciting radia- 
tion in the appropriate wave lengths required for the excitation of the line. For example, 
in the case of the bright lines of He 1, the relative efficiency of the recombination and 
fluorescence mechanisms is proportional to 


For a given density, pie+/ pe and p, depend upon the amounts of radiation available 
beyond the ionization limit of He 1 and beyond the Lyman limit, respectively. J, de- 
pends in a complicated manner on the spectral distribution of the exciting radiation, 
account being taken of the relative velocities of the excited atoms with respect to the 
regions emitting the exciting radiation. 

In the discussions which follow, the ejection mechanism has been adopted for the 
W, Of, and P Cygnistars, as well as for the novae. Serious objections to this mechanism 
have recently been found, which tend to cast doubt upon the ejection hypothesis, as 
applied to Wolf-Rayet shells.2° One essential difficulty is that no occultation effect is 
found in the profiles of the emission bands, whereas two spectroscopic observations seem 
to indicate that the radius R of the shell is not much larger than the radius 7 of the 


5 See sec. I; also Ap. J., 95, 124, 1942. 


_ *7 The peculiar structure of the molecular bands in comets has been explained in this manner by taking 
into account the influence of the Fraunhofer lines of the exciting solar radiation (Swings, Lick Obs. Bull., 
19, 131, 1941). 


28 Minkowski, A p. J., 95, 243, 1942; O. C. Wilson, Ap. J., 95, 402, 1942; Swings, Ap. J., 95, 112, 1942. 
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photospheric surface. The first observation is that there is no appreciable strengthening 
of the He 1 absorption lines having lower metastable level: He 1 3889 is often strong in 
absorption; but in such stars the other He 1 lines arising from nonmetastable levels are 
always present and the intensity ratio of \ 3889 and A 5876 is not abnormal. The second 
observation is that the widths of the violet-displaced absorption lines always give a value 
of the order of 2 for the ratio R/r, if we attribute this width to the spread of the ejection- 
velocity component along the line of sight, within the cylinder of sight. But the inter- 
pretation of these two observations, as due to a small value of R/r is ambiguous. The 
exciting radiation responsible for the populations on the various He I levels is extremely 
different from black-body radiation, because of the numerous transformations occurring 
in the deeper layers. As a result the dilution effects must be quite different from the 
classical case in which only the geometrical dilution of the continuous radiation of the 
central star is considered. It is probable that in the shell of a W star the excitations are 
produced mostly by emission lines of the shell itself, which attain great radiation densi- 
ties and are, therefore, subject to little or no dilution. The enhancement of \ 3889 is 
probably reduced, as compared with the case of pure geometrical dilution. As for the 
widths of the absorption lines, they may in part be due—even neglecting the possible 
broadening due to turbulence—to the dispersion in ejection velocity within the absorb- 
ing layer. 

Moreover, the spectroscopic characteristics of W stars have such deep analogies to 
the phenomena in novae (in which the ejection is undoubtedly the essential mechanism), 
that it would be very difficult to abandon altogether the ejection hypothesis for the W 
stars. A high velocity of axial rotation is not excluded for a star of high temperature; 
but how could we explain a wide range in rotational widths among lines of different 
ionization potentials? Excessive turbulence does not appear very satisfactory. Hence 
it is advisable to continue to use the ejection mechanism as a working hypothesis and to 
try to explain the absence of the occultation effect in the emission profiles, either by 
adopting a value of R/r of the order of 4 for the He 1 emission shell or by assuming a re- 
absorption phenomenon which is not yet clearly understood.** 

We shall now consider some of the atoms which show peculiar intensities not ac- 
counted for by the usual three mechanisms mentioned at the beginning of section II. 

Helium I.—Collisional excitation is excluded for the Het lines because of their high 
excitation potentials. The two essential mechanisms are thus the capture of electrons 
by ions He* and the absorption of underlying radiation. The first mechanism is absent 
if the helium atoms are mostly un-ionized, either because the temperature of the under- 
lying star is too low or because the radiations of wave lengths shorter than \ 504 (ioniza- 
tion limit of He 1) have been strongly depleted by absorption in the deeper layers. As for 
the second mechanism, it depends essentially upon the spectral distribution of the under- 
lying radiation, account being taken of the radial-velocity effects. It is reasonable to 
assume that the interval between the collisions of second kind in the shell is much 
longer than 10-8 seconds. If a large amount of continuous photospheric radiation has 
been converted into bright lines, coincidences of wave lengths, taking into account the 
velocities, may produce abnormally high intensities of certain bright He 1 lines in the 
shell. Conversely, the presence of intense absorption lines or continua at the wave 
lengths of the He I transitions connected to the ground level 1s'S may reduce the intensi- 
ties of certain bright He 1 lines in the shell. 

Fluorescence excitation of the He1 spectrum will have a tendency to enhance the 
singlet system relative to the triplet system, since the ground level of He 1 is 1s'S, since 
the lowest triplet level 2s*S corresponds to a high-excitation potential (19.74 v.) and 
since there are no intercombinations between singlets and triplets. The exciting wave- 
length range is approximately AX 500-580. 


29 This should not be construed as an attempt to diminish the seriousness of the difficulties encoun- 
tered by O. C. Wilson in the case of the spectroscopic binary HD 193576. 
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Generally speaking, the relative intensities of the singlets and triplets of Het will 
give us some indication concerning the relative importance of excitation by electron 
captures or by absorption of underlying radiation. In objects of high excitation, like 
nebulae*® (NGC 6572, 7027, and 7662), CI Cyg, RX Pup, etc., the Het singlets are 
much fainter than the triplets. For such a comparison the two series 2p!P® — nd!D and 
2p*P°® — nd*D are particularly suitable, especially the lines \ 4388 (2p'P® — 5d'D) and 
\ 4026 (2p*P® — 5d*D). When the He 1 spectrum is produced in a laboratory discharge, 
the singlets are also much weaker than the triplets, in agreement with the recombina- 
tion hypothesis. In the high-excitation objects most of the He atoms are in the Het+ and 
He** states, so that the recombination mechanism must be important. In applying these 
considerations, care must be taken not to overlook the stratification effects. It may be 
that neutral He atoms are abundant on the outskirts of a high-excitation object, where 
the underlying radiation has been so depleted in ultraviolet wave lengths that the ioniza- 
tion of He is considerably reduced. For these neutral He atoms the fluorescence excita- 
tion may again be preponderant. This is probably the case in the high-excitation shell of 
AX Per at certain stages of its nova-like evolution. 

Conversely, objects of relatively low excitation, such as T CBr, RW Hya, +11°4673, 
P Cyg, the three nova-like binaries AX Per, RS Oph, and Z And at low-excitation stages, 
etc., will be rich in neutral helium; the fluorescence excitation of these He I atoms will 
enhance the singlets relative to the triplets. 

The observations are summarized in Table 5. A comparison of \ 4388 and \ 4026 
shows that the intensity ratio of these two lines is definitely larger than one in RW Hya, 
whereas it is smaller than one in all high-excitation objects and in the laboratory. In 
the same object a variation in excitation influences the intensities of the singlets and of 
the triplets to a different extent, as can be seen in the case of AX Per. 

When cyclical transitions are active in the production of He I emission lines in a shell, 
they must also be important for the absorption lines arising in the shell. If the underly- 
ing radiation is depleted by absorption features or enhanced by emissions, the usual 
dilution effects on the absorption lines may be considerably modified. 

The observations reported here are fundamentally different from those of absorption 
shells which led to the recognition of geometrical dilution in these shells.*! If the exciting 
radiation is that of a black body, geometrical dilution tends to increase the populations 
of the triplet levels at the expense of the populations of the singlet levels. Increasing 
temperature has a tendency to reduce this effect and to make the populations approach 
those given by the Boltzmann relation. In the peculiar stars which we are considering 
the exciting temperatures are probably very high, but the dilutions are also great, as is 
attested to by the presence of many forbidden lines. Hence, the great intensity of the 
singlets in RW Hya and similar stars cannot be explained simply by an application of 
the theory of geometrical dilution. 

To produce such an enhancement, we must have (@) a mechanism of line excitation 
which functions actively among the singlets and which does not require an equivalent 
enhancement of the mechanism of photoelectric ionization and (}) very low density, 
in order to prevent exchanges between singlets and triplets through collisions. Condi- 
tion (b) is certainly fulfilled. Mechanism (a) may almost certainly be identified with the 
action of strong line emission in the He 1 series (1'S — n'P°) produced in the lower levels 
of the nebulae. We can qualitatively think of this mechanism as increasing the excita- 
tions within the singlet system without increasing them in the triplet system. To obtain 
an idea of the order of magnitude of the effect, we consider a system of four levels: (1) 
the ground level of He 1, (2) the combined excited levels of the singlets, (3) the combined 
triplets, and (4) the continuum. .We treat the latter as a discrete level and apply to it 


3° Bowen and Wyse, Lick Obs. Bull., 19, 1, 1939. 
31 Struve and Wurm, Ap. J., 88, 84, 1938. 


Le 
re 
8 
Ss 
t 
4 
y 
7 
Se 


UIaq JOU UOLBII JO JUISE SI BUT] St Ayisuaqui ou 
14 | ¢ | 14 I l o¢ | O SOLE | 
4 ‘19 | 9S) 198 | 197 19S 192 9 “iq | | 14 IG OOOL | SO — Se8Z 
| | | = 
| | | || | | | | | | | 
| | “uef | |) | |(0F61 
34) OM SU 39g uvf | uty | BA) | 799k 
NOILVLIOXY WAMO'T AO SLOALAC NOILVLIOXY 40 SLoalag 
ANIT-LHDING SNOINVA NI SANIT NOISSING 1277 JO WOIAVHAG 


| 
hore 
: 
; 
“ 
Bhs 
ie 
We 
| 


PECULIAR STARS 265 


the usual relations between the Einstein coefficients. Further, we neglect induced transi- 
tions, neglect all statistical weights, and assume that* 


= Ags, pu= 1 
Ag = A43, 
er =] 


Ag=Au, 
An 
P24 = P34» 


We assume that level 3 is metastable and that there are no transitions between levels 2° 
and 3. If 8 is the dilution factor for transitions 1 4, 2 + 4, 3-4, and y that for 
transitions 1 — 2, we have for the ratio of singlets to triplets 

+ 


In our case y is large and y > 8, while po, < 1. Hence, approximately, 


Pi4 = - 


The ratio m2/n3 approaches a constant when 7 is large. This holds whenever y is finite, 
so that within the proposed scheme the singlets can never become stronger than the 
triplets. But, in practice, when y is very large and in consequence ionizations are infre- 
quent, other mechanisms, such as collisions and forbidden transitions, will tend to de- 
populate the metastable level 3 and thereby increase m2/n3. It is, however, significant 
that in no case have the singlets been observed to be much stronger than the triplets. 

Characteristic atoms observed in the Of shells—The spectra of Of shells are characterized 
not only by H, He 1, and He 11 but also by bright lines of V 1m, N tv, N v,C 11, and Si tv. 
In the late Of stars, like 9 Sagittae, HD 108, etc., NV mt (A 4634 and \ 4641) and C m1 
(\ 5696) ** display selectivities which cannot be explained by Bowen’s mechanism.** In 
earlier Of stars, like BD+35°3930N, we observe bright lines of NV m1, N 1v, N v, and 
Sitv, and the selectivity among the NV 1m transitions is less pronounced than that in 
later Of stars. In all cases the observed spectrum is that of the underlying star, which 
has strong N 111 lines of its own, plus the spectrum of the shell.* 

In O7f stars, like 9 Sagittae, the 3p?P® — 3d?D transitions of NV mt (A 4634 and \ 4641) 
are present in emission (shell), whereas the 3s°S — 3p?P° transitions (A 4097 and d 4103) 
are observed in absorption (star). In the earlier O5f objects, like BD+35°3930N, the 
absorption lines \ 4097 and A 4103 of the star have disappeared, and there may even be 
faint emissions in their places; this means that the shell provides appreciable emission 
in the 3s°S — 3p*P® transitions. The essential difference between O7f and OSf shells is 
that the ionization is much more pronounced in the latter. Accordingly, we may expect 
the V 111 recombination mechanism to be more efficient in O5f than in O7f stars. On the 
basis of the results obtained for the Het spectrum it is thus tempting to consider the 
possibility that the .V 11 lines in O7{f shells are due to fluorescence excited by the under- 
lying radiation. 

But we immediately encounter a serious difficulty due to the state of ionization in an 
O7f shell. A calculation was made recently,** assuming a temperature of 40,000° for the 


32 See O. Struve, Proc. Amer. Phil. Soc., 81, 216, 1939. 

8 The relative intensities of the V m1 and C 1 lines vary from star to star (Ap. J., 95, 128, 1942). 
4 4p. J., 91, 563, 1940. 

% The continuous absorption by the shell reduces the spectrum of the underlying star. 


® Ap. J., 95, 124, 1942. 
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underlying star and an electron density of the order of 10'* per cm*. In such conditions 
He is almost completely in the doubly ionized state He+*, N* is practically nonexistent, 
N*+* is more abundant than N*+* (by a factor of more than 100), and N++** is some- 
what less abundant than V***. Similarly,C*** is much more abundant than C**+, and 
this in turn is more abundant than C*. 

Now, if we wish to attribute the emission of strong N 11 lines in O7f shells to a 
fluorescence effect, we have to assume that an important proportion of the nitrogen 
atoms are in the N** state, instead of N*** and N*+***, as obtained in the preceding 
calculation; otherwise the recombination spectrum would be observed. The ionization 
of N*+* may actually be much lower than was stated in the preceding paragraph, since it 
requires wave lengths shorter than \ 261, which is not far to the red of the He* ioniza- 
tion limit \ 228. Moreover, since the absorption lines of NV m1 are very strong in the 
underlying star, we may expect that the continuous stellar spectrum is appreciably re- 
duced beyond the ionization limit of V** at \ 261. In other words, the underlying radia- 
tion must be depleted between \ 261 and \ 228 and still more beyond \ 228, thus reduc- 
ing the ionization of N**. Similar considerations may be applied also to C** (ionization 
limit \ 259) and still more to Ot* (ionization limit \ 226, very close to that of Het). 

The absorption of the stellar radiations at \ 374.44 and \ 374.20 by the V** atoms 
of the shell will bring these to the level 3d?D in one absorption process. According to 
the general theory of cyclical transitions in a field of diluted radiation,*’ there will be a 
number of downward transitions of longer wave lengths at the expense of \ 374. Es- 
pecially \ 4634 and \ 4640 will be emitted and will lead to the 3p*P° level. From here a 
large number of possible upward and downward transitions arise that will reduce the 
intensity of 3s°S — 3p?P® (\ 4097 and d 4103) relative to \ 4634 and \ 4640. On the 
other hand, the odd level 3p?P° cannot be reached directly by one permitted transition 
from the ground level 2p?P°®. The total emission at \ 4097 and \ 4103 may thus be too 
weak to fill up the absorption lines of the underlying star. Moreover, the lower level 
3s°S may itself be populated by absorbing stellar radiations of wave lengths \ 451.87 
and \ 452.23. 

Since the absorption lines of V 111 are strong in the spectrum of the underlying star, 
we may ask whether enough stellar radiation of wave length \ 374 will reach and excite 
the V** atoms of the shell, since the lines \ 374.44 and \ 374.20 should be expected to 
be strong in absorption in the stellar spectrum. But the effect of these absorption lines 
must be quite minor because of the radial velocities of the ejected atoms of the shell, 
relative to the stellar reversing layer. Actually, since no fluorescence of Bowen’s type 
is excited in the O** atoms by the resonance line of He 11, we may assume that the dif- 
ferences of radial velocity existing between the different layers of the envelope are suf- 
ficient to shift the lines, which would otherwise coincide in wave lengths. 

We have a similar case for C m1 and N tv. In O7f stars and in P Cyg** the line \ 5696 
(3p'P° — 3d'D) of C mis observed in emission, whereas the line \ 4647.4 (3s°S — 3p*P°), 
which is much stronger in the laboratory, is a pure absorption line. The ground level of 
C 11 is a singlet (2s'S), and no intercombination has been found in the laboratory be- 
tween singlets and triplets (except a doubtful faint one). The line \ 5696 may thus be 
excited by absorption of stellar radiation from the ground level of the Ct* atoms. The 
excitation of C 11 4647 would have to go through the triplet levels. 

A similar observation may be made for N tv, whose ground level is a singlet (2s'So); 
the line \ 4057 (3p'P® — 3d'D) appears in emission in O5f shells, whereas Ad 3479, 3483, 
and 3485 (3s8S — 3p*P°), which are stronger in the laboratory and in ordinary reversing 
layers, appear only in stellar absorption. No intercombination is known for NV tv be- 
tween singlets and triplets. 


37 The dilution factor is of the order of 0.1 in the Of shell. 
38 Ap. J., 91, 574, 1940. 
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Strictly speaking, the populations in the lowest triplet, 2p*P°, of C m1 and N tv (6.5 v. 
for C 11; 8.3 v. for V Iv) are quite comparable to the populations in the ground singlet 
jevel. Some factor must therefore exist which reduces the excitation to higher triplets, 
compared with the singlets. There may be more stellar radiation available to ionize 
the C++ or N*** atoms from the 2p*P° level, so that the transitions from 2p*P® to the 
jonization continuum may not be neglected. 

The case of O 111 is also interesting. The lowest singlet 2p'D is only 2.5 v. higher than 
the ground term, 2p*P. The radiations required to ionize O**+ from 2p'D are depleted 
by an amount comparable to 2p*P. Moreover, there are strong intercombinations be- 
tween the singlets and triplets. Hence the fluorescence spectrum excited by the under- 
lying star should be similar to the complete recombination spectrum. For example, it is 
difficult to ascertain whether the complete spectrum of O 11 observed in RW Hya is 
produced by fluorescence or by recombination. From the fact that He 1 is to a consider- 
able extent excited by fluorescence in RW Hya (strong singlets), we might at first sight 
expect that the O 111 spectrum is also produced by fluorescence. But this is not necessarily 
the case. The excitation of the observable O 111 lines by absorption from the three lowest 
levels, 2p*P, 2p'D, and 2p'S, requires wave lengths between \ 300 and \ 345 A.** It does 
not seem plausible to attribute the absence of bright lines of O 111 in 9 Sagittae to a deple- 
tion of the stellar spectrum in the region AX 300-345. The nearest ionization limit to the 
red is that of O* at \ 353, but the O 1 absorption lines are very weak in 9 Sagittae. 
Hence the absence of bright O 11 lines in 9 Sagittae results probably from the conditions 
of this particular cycle. As a consequence, it would seem more logical to attribute the 
0 11 spectrum of RW Hya to a recombination process. 


CHARACTERISTIC ATOMS OBSERVED IN THE P CYGNI OR Be SHELLS 


The densities in most P Cyg or Be shells are lower than the critical densities at which 
the fluorescence mechanism ceases to operate. For example, the electron density in the 
shell of Pleione is of the order of 3 X 10" per cm*;*° in P Cyg (at least in the regions of 
hydrogen absorption) it is found to be lower than 10! per cm’, according to the formula 
of Inglis and Teller. Hence we may expect the fluorescence excitation to be present, 
alone or together with the recombination mechanism. 

The case of He was considered previously. The most striking selectivities observed 
in P Cyg occur in Si m1 and Si 11. In Si 11 the transitions 4p'P® — 5s'S, 4p'P® — 4d!D, 
4p®P° — 4d’D, whose lower levels are 4p'P° and 4p*P°, appear in emission; whereas the 
transitions 4s'S — 4p'P°, 4s°S — 4p*P°, 3d°D — 4p’P°, whose higher levels are 4p'P® and 
4p°P°, are present in absorption only. Such behavior is so similar to that of NV m1 in Of 
shells that it is plausible to consider it also as a result of cycles. The Si 11 spectrum 
presents also a striking similarity to He1. If we refer to Plate XVIII of the paper on 
P Cyg by Struve and Roach,*! we notice that, whereas the triplet line 4p*P® — 4d°D, 
\ 3806, is strong in absorption in + Sco and 55 Cyg, the singlet line 4p'P® — 4d'D, 
\ 3590, is extremely weak. The opposite is true for the emission in P Cyg, in which the 
singlet line \ 3590 is much stronger than the triplet lime \ 3806. This is quite similar to the 
enhancement of the singlet lines relative to the triplets in the case of He 1. Fairly strong 
absorption lines of Si 1v are observed in the spectrum of P Cyg; their radial velocities 
are very different from those of the absorption lines of Si 1m (—90 and —40 km/sec, 
respectively), suggesting stratification. From the observations the conclusion is drawn 
that the boundary of the Si+* and Si*** regions is fairly sharp and that the fluorescence 
mechanism is very efficient for Si++ compared with recombination. 


5 See the Grotrian diagram of the O m1 spectrum in Edlén’s thesis, pp. 122 and 123, Upsala, 1934. 
Ap. J., 93, 446, 1941. 
| Ap. J., 90, 727, 1939 (plate facing p. 751). 
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Sim has a very typical behavior in P Cyg stars. The lines arising from the level] 
4d?D (which can be reached directly from the ground level) are present in the spectrum: 


4d°D: 5041 (1E), 45056 (1E); 
4s°S — 46347 (3E,0A), \6371 (2E,0A), 


while the—usually stronger—doublet \ 4128, \ 4131 (3d?D — 4f?F°) is absent. Such be- 
havior cannot be explained on the basis of the recombination mechanism and must un- 
doubtedly be due to a fluorescence process. In order to excite the 3d?7D — 4f?F® lines 
by absorption of radiation from the ground state 3p?P°, the level 5d?D (nearest to 4fF°, 
connected to 3p?P° and 4f?F°) must be reached. The excitation potential of 5d?D js 
13.87 v., which is only slightly more than the ionization potential of hydrogen (13.54 v.), 
The absence of Si 11 4128, 4131 in P Cyg shells would thus indicate that the underlying 
radiation is appreciably depleted on the short-wave-length side of the Lyman limit. The 
photospheric temperature obtained for P Cyg by applying Zanstra’s theory to the H 
lines is quite satisfactory.** This suggests that the hydrogen emission lines are mainly 
due to the recombination mechanism and that the stellar radiation is appreciably de- 
pleted beyond \ 912. 

Other selectivities affecting the V 11, Cu, and Fe 11 lines have been pointed out in 
P Cyg stars and may be interpreted qualitatively by considerations similar to those con- 
cerning NV 11, Sim, Si 1, etc. In the shells of lowest excitation (late Be and Ae stars) 
the Balmer lines themselves are excited by fluorescence. The efficiency of this mecha- 
nism depends on the velocity and density distributions of the hydrogen atoms of the shell 
and on the profile of the absorption lines of the exciting radiation; any variation in these 
factors will give rise to changes in intensity and profile of the Balmer emission lines, 


ADDITIONAL EFFECTS OF THE DEPARTURES OF THE EXCITING 
RADIATION FROM BLACK-BODY DISTRIBUTION 


We have discussed elsewhere the following effects: (a) shells with very weak lines of 
hydrogen,** (b) nebulae excited by nuclei possessing absorption or emission lines,* (c) 
structure of the molecular emission bands in comets,** 4’ (d) interstellar gas,*” and (e) 
peculiar intensities of absorption lines in A stars.*® 

In addition to the effects listed above, we may now add the following: 

f) Novae.—The discussions of Of and P Cyg shells are directly applicable to the nova 
shells. The excitation and ionization of a specific atom, at a specific location in a shell, 
will be conditioned by the radiation as it has been transformed before it reaches the 
atom. This may modify the effects of pure geometrica! dilution which have been dis- 
cussed previously.*? The mechanism of bright-line emissien is also identical. 

We may consider in this connection the absorption lines of molecules (C.V and C)) 
in certain novae, especially Nova Herculis 1934. At first sight the physical conditions 
do not seem to be adequate on the outskirts of a nova for the presence of abundant 
molecules; the photospheric temperature is too high to obtain an appreciable molecular 
abundance if the conditions were the same as in an ordinary reversing layer. But, where- 
as molecules may be formed, it is possible that, because of the stratification, they cannot 
be dissociated ; the reason is that the radiation reaching the‘‘ molecular layers’’ may have 


42 Beals, M.N., 95, 581, 1935; Merrill, Ap. J., 95, 386, 1942 (AG Peg). 

43 Beals, M.N., 92, 677, 1932. 

44 Struve, Pub. A.S.P., 54, 11, 1942. 

Swings, Ap. J., 95, 112, 1942. ® Swings, Lick Obs. Bull., 19, 131, 1941. 
47 Swings, Lick Obs. Contr., No. 3; Ap. J., 95, 270, 1942. 


48 Struve and Swings, Observatory (in press). 
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been previously depleted in the spectral regions required to photodissociate the mole- 
cules. As a consequence the molecules may be more abundant than in thermodynamic 
equilibrium at the photospheric temperature. The simultaneous presence of CN mole- 
cules and O atoms in Nova Herculis has been considered as strange, since bands of oxides 
are absent in the carbon stars. But the difficulty disappears when we consider that we 
do not have thermodynamic equilibrium and that the possibilities of photodissociation 
of the various molecules formed (CN, CO, etc.) are very different. 

g) The anomalous selectivities observed among certain emission lines in long-period 
variables.—The problem is essentially that of Fe 1, which shows bright Ad 4202, 4308, 
3565, and 3521, all arising from the sublevel z*G{, whereas the lines corresponding to 
z®G$ and z°GQ are found in absorption only. Other similar incomplete multiplets are 
also observed. Peculiar selectivities have already been discussed for N m1, Si m1, etc., 
in stellar envelopes of early type; and, although the situation may not be similar in Me 
variables it seems logical to compare the two cases closely. 

Thackeray and Merrill*® have tried to explain the favored excitation to z*G{ by a 
selective fluorescence mechanism similar to Bowen’s process in nebulae (close coincidence 
of a primary emission line with a resonance line of another element). Although promising 
results have been obtained, it is possible that the fluorescence mechanism which we have 
suggested may also operate. 

In long-period variables the radiation reaching the various reversing layers (deep as 
well as high) is very different from the black-body type, and the difference must increase 
when the temperature decreases. As was emphasized by Thackeray, the temperature 
and pressure in late-type giants are so low that ‘‘collision excitation can only maintain 
atoms in the lowest energy levels, and the atmosphere approximates a state of mono- 
chromatic, or more strictly polychromatic, radiative equilibrium.’’ Hence a strong dis- 
tortion of the exciting radiation from the black-body curve may give rise to complex 
cycles and may possibly enhance certain populations on specific levels.*° Since the selec- 
tivity is very sharp—z'G§ (4.416 v.) of Fe 1 is excited but not z°G} (4.454 v.) and z'G2— 
it cannot be attributed to an ionization or a dissociation continuum. If we wish to 
attribute the selectivity to cycles, we must consider the effect of absorption or emission 
of atomic lines and of absorption or emission of molecular bands. The emission of atomic 
lines has been discussed by Thackeray and Merrill. The atomic lines of absorption do 
not explain the incomplete Fe 1 multiplets. But molecular bands may provide possibili- 
ties. From the ground level a°D of Fe the excitation to z*G° is provided by lines of 
wave lengths between A 2795 and \ 2828. This is the region of the (1, 0) band of OH 
(72 <—?I1), whose lower level is the ground electronic and vibrational state of the OH 
molecule.*! This absorption band of OH should be very strong in stellar atmospheres, 
despite the rather small value of the oscillator strength. Actually, the OH molecules 
are much more abundant than 770 (by a factor of 10*-10*), and the OH bands should 
therefore cut the entire stellar radiation into narrow strips of bright continuum sepa- 
rated by deep minima.” 

The abundance of OH molecules increases rapidly when the temperature decreases, 
and the selective effect of the absorption bands on the atomic excitation should thus be 
greatest at minimum temperature. 


49 Pub, A.S.P., 48, 331, 1936; 49, 120, 1937; Thackeray, A p. J., 86, 499, 1937. 
5° Gerasimovit, M.N., 89, 272, 1929. 


‘Other molecular absorption bands belonging to abundant stellar molecules are present in this 
region, i.e., the (2,7) and (3,8) bands of SiO (‘Il <—'!%), the (1,6) bands of NO (vy system 2 —2II and 8 
system “II — 711), and others (CO, SO, etc.). But their lowest vibrational levels are excited and the corre- 
sponding populations are reduced by a.factor of from 20 to 250. 

5°? The (1,0) band of OH is degraded to the red and begins at \ 2811. Hence, it affects only the region 
\ > 2811 A: it can explain the absence of excitation from a°D to z°G2, which requires \ 2825.689. Other 
molecular or atomic absorption lines should be considered in other cases. 
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The present suggestion does not apply to the strong hydrogen emissions (in layers 
which are deeper than those of TiO, Cat, etc.), the forbidden lines of Fe 1, or the reso. 
nance line of Mg I. 

Another interesting suggestion was made by Wyse,** in order to explain the simul- 
taneous presence of the Ca 11 transition 4s*S — 4p?P° (H and K) in absorption, together 
with 3d°D — 4p?P° (infrared triplet) in emission. The 3d*D level may be depopulated 
by photoelectric absorption of the bright Lyman a line from the 3d?D level. The ioniza- 
tion energies of Ca 11 are 82,098 cm™ from 3d?D,, and 82,037 cm™ from 3d?D1,/2; and 
these are only slightly smaller than the energy of Lyman a (82,257 cm). Considering 
the strong departures of the exciting radiation from the black-body distribution, the 
mechanism suggested by Wyse may have wide applications. 


MECHANISMS OF EXCITATION OF He I, O UI, AND 
N 11 IN BRIGHT-LINE OBJECTS 


The absorption coefficient of an atom for radiation coinciding with one of its transi- 
tions leading to the ground level is very much larger than the photoelectric absorption 
coefficient for radiation having a wave length shorter than the ionization limit. For this 
reason Bowen’s fluorescence mechanism—excitation of O 111 by the resonance line He 1 
304 and subsequent excitation of V 11 by the resonance line O 111 374—plays a very im- 
portant role in nebulae and other similar objects. Yet this type of excitation is not 
observed in ordinary Wolf-Rayet envelopes, which do not reveal an appreciable enhance- 
ment of the incomplete multiplets excited by He 11. Actually, O 111 is always very weak 
or absent in the WN stars; it is strong in WC stars but does not show any selectivity, 
so that there is no reason to make a difference between the excitation of O 111 and that 
of O nor O Iv. The absence of Bowen’s fluorescence is due to the velocities of the radially 
ejected atoms. The O*++ atoms located at a specific place in the Wolf-Rayet shell are 
able to absorb the resonance radiation of only a small fraction of ejected He* atoms, 
since these must have a definite radial velocity with respect to the O** atoms considered. 
In various objects, bright He 1 lines are observed, whereas the fluorescence multiplets 
of O1and N 111 are not enhanced. In the WC nucleus of BD+30°3639, He 11 4686 is 
present, \ 3444 and A 3760 of O 111 are not enhanced; the same is true for the similar 
object HD 167362. No Bowen fluorescence is observed in RW Hya or in the deep layers 
of Wolf-Rayet type of Z And. In the nebula NGC 6543, N 111 is not excited by Bowen’s 
mechanism. In other objects, like T CBr, AX Per,*4 CI Cyg, RX Pup, the incomplete 
multiplets of O m1 and N m1 are prominent: in all these cases the ejection velocity is 
extremely small, and the situation is very similar to the planetaries. 

In certain novae the importance of Bowen’s fluorescence mechanism has varied. For 
example, the observations of the nebular stage (1936) of Nova Herculis by Adams and 
Joy® reveal lines of O mm and N 111 that cannot be attributed to fluorescence; but other 
observations by Dufay and Bloch® show an enhanced O 111 3760.*" In 1940 the spectrum 
of Nova Herculis showed that 111 was not excited by Bowen’s mechanism alone, since 
\ 4379 was present ;5* yet Bowen fluorescence was probably present, as was revealed by 
the O 111 spectrum. 

In an expanding gaseous atmosphere, a photon He 11 304 emitted by a specific He* 
atom may be absorbed only by a fraction of the other He*+ and O** atoms. Thus, con- 
trary to what happens in a nebula, the \ 304 photons may escape from the atmosphere 


53 Pub. A.S.P., 53, 184, 1941. 

54 In AX Per the intensity of O m1 3444 (fluor.) is highly variable (see Sec. I). 

55 Ap. J., 84, 14, 1936. 

 C.R., 201, 1463, 1935; Zs. f. Ap., 13, 36, 1936. 

57 The influence of the blending [Fe vu] line is not clear. 58 4p. J., 92, 295, 1940. 
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without being slowed down by successive absorptions and re-emissions by the abundant 
Het atoms. Whereas in an ordinary planetary nebula the mean free path of a quantum 
before photoelectric absorption occurs is very large compared to the mean free path of a 
\ 304 photon before resonance absorption and emission take place, this may not be 
true in an expanding atmosphere. In other words, the probability that a \ 304 photon 
emitted by an Het atom may be absorbed photoelectrically by the abundant H or Het 
atoms (also C+, N+, O*+) may become important, compared with the probability of a 
fluorescent absorption by Ot+. A similar reduction will be present in,the excitation of 
Ntt+ by O m1 374. 

In the case of spherical symmetry and of large constant expansion velocity 2,; within 
the layers containing Het*+, O++, and N*+*, Bowen’s fluorescence mechanism should be 
practically absent. When a velocity gradient is present, fluorescence will be excited in 
the O*+ atoms by a definite fraction of He 11 304 quanta, depending essentially on the 
velocity gradient dv, ;/dr and on the stratification conditions within the layers containing 
Het+ and Ot. If, as is very likely, the He** ions giving rise to the He 11 recombination 
spectrum lie mostly in deeper layers than the O** ions, a decelerated motion is required 
to give rise to strong fluorescence. In the case of Nova Geminorum 1912 the observed 
decrease with time of the mean ejection velocity suggests a decelerated motion. But 
the situation is very uncertain in the Wolf-Rayet stars. 


McDoNALD OBSERVATORY 
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INVESTIGATIONS OF TYPICAL STELLAR SPECTRA WITH HIGH 
DISPERSION. Il. THE SPECTRUM OF y CYGNI* 


F. E. Roacu 


ABSTRACT 


A Coudé spectrogram of 7 Cygni covering the interval from A 3977.76 to \ 4404.76 has been measured, 
The wave lengths, intensities, and identifications of 664 lines are recorded. A striking feature of the 
spectrum is the strength of the lines due to the ionized rare earths. 


As a part of the study of high-dispersion spectrograms made with the Coudé spectro- 
graph of the McDonald Observatory, a plate of y Cygni taken on July 16, 1941, was 
measured. The linear dispersion of the plate varies from 2.03 A/mm at \ 3978 A to 3.80 
A/mm at \ 4405. The plate was measured in six sections,and the reductions were carried 
out with the appropriate constants in Hartmann interpolation formulae. 

The stellar wave lengths, corrected for radial velocity, appear in the first column of 
Table 1. The intensity estimate in the second column was made at the time of measure- 
ment. The intensity scale has been calibrated by means of a photometric study of the 
spectrum carried out by Mrs. Bailey! and is given below. The numbers in parentheses 


Intensity Equiv. Width(ma) Intensity Equiv. Width(ma) 
101 (11) 322 (24) 
93 ( 5) 337 (22) 
202 (14) 440 (10) 
259 (19) 501 (14) 


refer to the number of lines included in the means. The third, fourth, and fifth columns 
of Table 1 give laboratory data of the proposed identifications. In the sixth column an 
estimate of the weight of the contribution is indicated according to the following: A, 
major contributor; B, important contributor; C, minor contributor; no symbol, uncer- 
tain. 

As was pointed out some years ago,” the spectrum of y Cygni is especially rich in the 
lines of the ionized rare earths. In Table 2 is a summary of the rare-earth lines included 
in Table 1. Attention is called to the case of Sm. It seems probable that the large 
number of coincidences included among the 53 uncertain identifications is not due to 
chance. However, the complete absence of the strong laboratory line, \ 4334.15, in- 
tensity 400, was the criterion upon which the ‘“‘uncertain”’ status of the other lines was 
based.* 


* Contributions from the McDonald Observatory, University of Texas, No. 57. 

1 Dissertation, University of Arizona, 1942. 

2 Adams and Joy, Pub. A.S.P., 38, 322, 1926. 

3 Dr. P. Swings calls attention to an error in the planographed table. There is no line of Fer at 
4032.50. The laboratory wave length is 4032.946. Hence the identification of the star line 4032.58 should 
be dropped and should instead be added to that of the star line 4033.07. 
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TABLE 2 
RARE-EARTH LINES IN y CYGNI 


NuMBER OF LINES 
ELEMENT = 
No. 

A B Cc Uncertain 
58 38 17 11 18 
60 31 15 7 9 
64 29 9 5 2 
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THE COMPLETENESS OF SURVEYS BASED ON 
PROPER-MOTION DATA 


Joun Titus 


ABSTRACT 


Proper-motion surveys pick out, from a group of stars at a known distance, all which have transverse 
velocities greater than a certain amount. Theoretical factors are computed, which depend upon the mo- 
tion of the sun with respect to the group and the dispersion of the peculiar motions within the group, 
by which the total number can be found. 


The use of proper-motion surveys for picking out the nearer stars is well established, 
but the statistical discussion involves certain complications. These surveys, made pri- 
marily with the blink-microscope, have given (in theory, at least, for certain areas) all 
stars with motions greater than some limiting value. If we know the parallax of each of 
these stars, we can divide them into groups according to the distance; and we can then 
say that we know all stars, brighter than a limiting absolute magnitude, which have 
transverse velocities greater than some known amount. These limits depend, of course, 
upon the limits of the survey and upon the distance. 

The quantity we should like to know, however, is the total number of stars (still 
brighter than the limit) at that distance, and not merely the number with transverse 
velocities in excess of some value. The transverse velocity of a star is a combination of 
its peculiar motion, relative to the group to which it belongs, and the motion of the 
group relative to the sun. It is obvious that if we know the distribution of the peculiar 
motions and the group motion, we can compute the fraction of the stars which will show 
transverse motions greater than any given amount. In this way we can make corrections 
for the incompleteness of the data. It is the object of the present article to give such 
factors for a range of values of the solar motion and of the limiting velocity which will be 
encountered in practice. 

In an ideal computation of these quantities an ellipsoidal distribution of peculiar mo- 
tions would be used. The computation of such a table, while difficult, would not be im- 
possible. But for most purposes computations based on the simple Maxwellian law will 
be sufficiently accurate, especially when results of widely distributed areas in the sky are 
combined. In addition, our information on the constants of the velocity ellipsoid for 
several groups of faint stars is still fragmentary, while the data usually suffice for a de- 
termination of the average velocity dispersion. 

Using Smart’s notation,' we have for the distribution of the observed transverse 
velocities over the whole sky, 


(1) 
7=0 
where 
s=hT, 
n=hU , 


T =the transverse velocity , 


U=the solar motion with respect to the group 
of stars under consideration , 


' Stellar Dynamics, pp. 56-58, 1938. 
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and 


h=the modulus of dispersion of the velocities . 


Two expressions for B;(y)—a definite integral and a series expansion in powers of 7— 
are given by Smart. The latter form was used in the computations in this article. 

The fraction of the total number of stars with values of z greater than Zo, i.e., with 
transverse velocities in excess of a limit T»=20/h, is given by 


F(n, 20) = (2) 
7=0 29 
Let 
I; (2%) = 2 (3) 


If we integrate by parts, we find 


I = jI;-1( 20), (4) 
with 
Io(%0) = (5) 
Finally, 
F(n, to) = (6) 


It is to be noted that zo and 7 are in terms of the unit 1/4 = V2, where ¢ is the 
dispersion of the motions. In order to givean illustration of the quantities which will be en- 
countered, we may quote a few values for different groups in the table below.” Thus 7 ap- 
pears to be near unity or slightly less, and values of n greater than 1.3, i.e., a solar motion 
almost twice the dispersion, would have little application. Likewise for z9 > 3, which 
corresponds to a limiting transverse motion about four times the dispersion, the fraction 
of stars included becomes negligible. In the computations these limits have accordingly 
been taken. 


h U(Km/Sec) ” 
0.051 20 1.02 
.032 20 0.64 
dG-dM (high vel.)..... 0.015 56 0.84 


Table 1 gives the values of F(n, 20) computed from equation 6, for a number of values 
of n and zo. Terms up to 7 = 8 have been included. The computations were carried to 
four decimals and rounded off to three; they were checked by differencing and by re- 
computing each fifth entry. 


2 Oort, Groningen Pub. No. 40, 1926. 
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We may examine what is to be expected for a typical case. Fora group of low velocity 
stars (kh = 0.05) stars at a parallax of 07075 and » = 1, covered by a survey complete 
to 073/year (zo = 0.95) about 0.603 of the stars will be located by the survey. 


TABLE 1 


FRACTION OF THE NUMBER OF STARS OVER THE WHOLE SKY WITH 
TRANSVERSE VELOCITIES, T>T 20=ATo, n=hU 


00 | OS 0.6 | 0.7 0.8 | 0.9 | | 13 


0.990 | 0.992 0.992 | 0.993 | 0.993 | 0.994 | 0.995 | 0.995 | 0.996 | 0.996 


.981| .984/ .985| .987| .988| .990; 991 901 
961 | .967| .969| .971| .974| .976| .979| .981 , .983 | 985 
939} .948| 952 .955|) .963| .967| .970 | 974.| 977 
914 .926/ .931) .936| .941| .947) .957| .963) .967 
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| | | 


The author is indebted to Dr. G. Kuiper for advice in the preparation of this article. 
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THE INFLUENCE OF FLUORESCENCE UPON THE CENTRAL 
INTENSITIES OF THE SOLAR D LINES 


RICHARD R. DEMPSTER 


ABSTRACT 


Fluorescence has seemed the most probable cause for the central intensities of strong absorption lines, 
but application to specific cases has been difficult because of a dearth of necessary transition probabilities. 
The necessary transition probabilities have been calculated for the sodium D lines. An equation of 
transfer is written containing the coefficient of line emission explicitly, and a formula for the emission 
coefficient is given. The residual intensity depends upon the ratio of the emission and absorption co- 
efficients, which is evaluated in terms of transition probabilities. The model is applied to the D, line of 
sodium, fluorescence being the principal process considered. The result is of the right order of magnitude, 
although it is about half the observed central intensity. Possible corrections are discussed. 


I. INTRODUCTION 


The central intensities of strong solar lines are larger than could be expected if the 
upper part of the reversing layer acts as a pure scattering atmosphere. Inelastic colli- 
sions and the Doppler effect have been suggested as accounting for the phenomenon, but 
detailed calculations show them to be inadequate.' Collisions in particular are ruled out, 
as strong lines are formed so high in the atmosphere that the density is too low. 

Rosseland? suggested fluorescence as a possible mechanism for feeding radiation into 
line centers, but for bound-bound transition cycles Unséld* and Pannekoek‘ have shown 
that the selection rules make the process too inefficient. Strémgren® suggested that cycles 
involving free electrons would be more effective, and Woolley® and Strémgren’ have 
worked out theories for such cases. Woolley’s paper dealt with the Balmer lines, where 
the theory is unduly complicated by the fact that they are subordinate lines; Strém- 
gren’s paper dealt with resonance lines but, in default of the appropriate transition proba- 
bilities, gave no specific data. The writer proposes a theory for the solar D lines, for 
which the necessary transition probabilities have been calculated. 


II. TRANSITION PROBABILITIES FOR SODIUM 


The theory of the solar D lines involves a knowledge not only of the transition prob- 
abilities for the line itself but also for photo-ionization from the ground state and from 
the upper states of the line—the 3p-states of the valence electron. Trumpy* has found 
the necessary atomic constants for photo-ionization from the ground state, as well as the 
necessary constants for the line, both by observation and by theoretical calculations. 
Photo-ionization from P-states is somewhat more complicated, involving transitions to 
both S-states and D-states of the continuum. 

The writer has applied Trumpy’s method to the calculation of the necessary wave 
functions of the continuum and in the case of the S-states has applied the Hartree-Fock 
method? for certain values of the energy as a partial check on the results. 


' A. Pannekoek, W.N., 91, 139, 1930; 91, 519, 1931. 

* Ap. J., 63, 218, 1926. * Zs. f. 1932. 4 B.A.N., 7, 151, 1933. 

5In E. and B. Strémgren, Lehrbuch der Astronomie, p. 384. Berlin, 1933. 

6° M.N., 94, 631, 1934. 7 Zs. f. Ap., 10, 237, 1935. 5° Zs. f. Phys., 61, 54, 1930; 71, 720, 1931. 


°V. Fock, Zs. f. Phys., 61, 126, 1930; 62, 795, 1930; V. Fock and M. J. Petrashen, Phys. Zs. d. 
Sowjetunion, 6, 368, 1934. 
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For a spectrum line the transition probability is readily calculated if the radiation in- 
tensity does not vary too rapidly across the line. Using Hartree’s atomic units, the so- 
called “‘oscillator strength”’ of the line is 


19 


Sei = Sf ’ Ex > E; 


The corresponding Einstein coefficient for absorption is 


and the transition probability is 


Vv 


With temperature radiation the radiation density is given by Planck’s Law, 


_ 1 
p(y ) ehv/kT —1 
Substituting, one obtains 
fei 


The classical damping constant is 


giving 
w fy i 


For photo-ionization, this will not be sufficient, as we must integrate over all frequencies 
beyond the series limit. Thus, if the series limit is vo, 


Fin izatio = {* 


For the case in question, photo-ionization from the 3p-state of the valence electron of 
sodium, there will be f-values corresponding to transitions to both S-states and D-states 
of the continuum. Since the 3p-state is a doublet level, we can have different weight 


factors as follows: 
— *S,;, weight factor 1, 


—*D;, weight factor 
— *S,, weight factor 
— *D;;, weight factor 


we 


The accompanying graphs (Fig. 1) show the matrix integrals required. 
If the wave function is 


ag 
4 
2 
= 
b cl ki 
hm 
ik = p\v) - . 
hm 
= = ——_ 
3 ’ 
m 
d 
: 
| 


of 
es 
ht 


SOLAR D LINES 297 


for the discrete and continuous spectra, respectively, the necessary matrix integral has 
the form 


Mei= 1)R(3, 1) dr. 
0 


The energy in the continuous spectrum, the frequency, and the series limit are related 
by hv = hyo + ¢. Using the data from Figure 1, the corresponding graph of Trumpy,"® 
and the appropriate radiation temperature, the necessary transition probabilities can be 
calculated. 


\ 
Me2 Meo | 2 \ 


/ 
en 
0 0.2 04 0 0.2 0.4 0.6 
(Atomic Units) ( Atomic Units) 


Fic. 1.—Matrix integrals Me, ~ [Re 1) - R(3, 1) + rdr 
0 


Ill. NOTATION 


Let [1,(0)] (dw/42)dv be the intensity of radiation per square centimeter in element of 
solid angle dw in frequency range v to v + dv. Define 


1, cos K.= 1, costo, 


all integrals being taken over the unit sphere. As radiation streams through the atmos- 
phere, its intensity is reduced in two ways—by continuous absorption due to bound-free 
and free-free transitions, which varies slowly with frequency, and by line absorption, due 
to excitation of the atom considered. Denoting the absorption coefficients by «x and o,, 
respectively, the formula for the absorption of radiation in traveling distance ds is 


dIl,=—(x+o,)I.ds. 


If we let N; be the number of atoms per unit volume of the species in question in the 
ground state, for a line involving a transition from the ground state to state k, 


Vik dv hv 


o,dp => N on + 


As we are interested in line centers, we are justified in taking »./v = 1. 61% = 1/4a7e=d,, 
where 7; is the mean life of state k, the ground state being sharp. 


0 Zs. f. Phys., 71, 731, 1931. 
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The so-called local temperature T is defined by the relation 


1 
E, (1) = 


We then define 


The frequency distribution of this ‘‘radiation” will be different from that of the photo- 
spheric radiation which illuminates the atmosphere. The total intensity of the photo- 
spheric radiation at any point in the atmosphere we denote by 


1 


ehe/kTp 1 ’ 


B,=w- 


-2 


where T ,, is the photospheric temperature, and w the dilution factor, which increases from 
about one-third at the surface of the atmosphere to unity at great optical depths. 
The general optical depth in the atmosphere is defined by the usual relation 


a 
r=-f kdr 


and is a convenient variable of integration in the equation of transfer. We let j,¢v be the 
emission per second per unit volume in frequency range v to v + dy, due to transitions 
from state & to state 1. 


IV. THE EMISSION COEFFICIENT 
The coefficient of line emission 7, depends upon the distribution upon state &. In an 


atmosphere in thermal equilibrium the distribution of atoms upon a state & will be a 
normal distribution, given by 


Bi dE 


the primes are used to denote thermodynamic equilibrium. NV, is the total number of 
atoms per cubic centimeter in state k, FE, is the central energy of the state, and 8; = 
(h/4)(1/7;). This may be put in frequency form, using 


so that E — = — Substituting, 


dy 
Ni (v) dv = — " 
w (y—vy)? * 
a form convenient because of its relation to the absorption coefficient. In our problem 
it is not immediately clear that such a distribution will obtain. To investigate this ques- 
tion, we can set up an equation expressing the steady state of the atmosphere: 
Rate of excitation of substate of k = 


Rate of de-excitation of substate of &. 


The rate of excitation will be the sum of the rates due to radiation, collisions, and captures 
of free electrons, if we neglect other discrete states. In considering the centers of strong 
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absorption lines, formed high in the atmosphere, collisions may be safely neglected. The 
rate of excitation by radiation is 


dv 


per unit volume and unit time. 

In thermodynamic equilibrium the rate of capture on elements of state & will tend to 
result in a normal distribution. Milne! indicates that the actual rate of excitation by 
collision is satisfactorily given by the rate for thermodynamic equilibrium at the local 
temperature, and we would expect similar results for electron captures. Thus we take the 
capture rate as 

Ox dv 


+ 


where A ;, stands for the coefficient for the capture of free electrons and is the same for all 
elements of the state k. A,;. will depend upon local physical parameters. 
Under solar conditions, stimulated emission is negligible; hence the rate of de-excita- 


tion by emission is ; 
N k (v) dv Ay. 


The rate of photo-ionization we represent by 


N; (v) dv 


where 


vyy is the appropriate series limit. In a steady-state atmosphere, then, 


dv 


= (v) dv> (air + 


or 


+ A Sk dv 
+ Byy (v—vy.)? + 


The distribution will thus depend upon the way in which J, varies across the line. If J, 
is approximately constant over a frequency range of the order of 6,, the distribution will 
approximate closely to a normal distribution. 

For D, there is only one possible downward transition for which fy: = one-third ap- 
proximately, so that 


N,.(v) dv= 


= 


and the corresponding wave-length spread is 
Ad, =< =0.18X 10-34. 


Observation shows that the Doppler broadening is great enough so that the intensity in 
the line varies only slightly over this range, and, in fact, over ranges of the order of 
twenty times this Ad; hence, /, remains effectively constant over a sufficient range so 


88, 493, 1928. 
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that we can consider V;(v)dv to be a normal distribution. Then, if stimulated emissions 


are neglected, 


V. THE EQUATION OF TRANSFER 


The equation of transfer is 


(x+o,>) «E.(T) + j,, 
ds 
usually transformed into ; 
-(1 +2) L+E(T) +2. 
kar K K 


In considering line centers, ¢, > > x, and some terms will be negligible. As E,(7) is of 
the order of magnitude of /,, it can safely be neglected in comparison with (¢,/x) /,. 
Using the emission coefficient from Section IV, we see that 


jo = 
Oy Nibu 


Now, Niau = and while V;./N, does not equal we would neverthe- 
less expect NV;./N, to be of the same order of magnitude—i.e., j,/ 0, is of the order of mag- 
nitude of £,(T), and 


‘kK K Nibu 


is of the order of magnitude of (¢,/«)/,. Dropping the negligible terms, we may simplify 
the equation of transfer to the approximate form 


cos 6 dl, = | 
kdr KL Niby 


Let n = o,/x, and introduce r = — f xdr, giving 
J k=0 
dl, 
cos 6 —— = 
dr" Niby 


We now calculate N;./ N; by the conditions for a steady state; we let B,,» be the probabil- 
ity of any upward transition, and A,,, be the probability of any downward transition; N; 
is the number of ions per unit volume. 


N, (By + = Nx Axi + Ny; Aj 

Ny (An = Ni But Ny An 

Ny (Ape t Ap) = NiBy + Ni Buy 
Note that these transition probabilities will take reasonably simple forms only if the dis- 
tribution on state & is essentially a normal distribution. Solving the equations simultane- 
ously, we obtain ; 

Ni By (Apt Ag) + By Ag 

N, ( Ay + A jx) + By Ap 


_ 
one 
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Here By. = biJ, (if J, is reasonably constant over the relevant line breadth), Aj = 
au, Biy and B,, are defined as is B,; in Section IV. The probability of capture is assumed 
to equal the probability corresponding to thermodynamic equilibrium at the local tem- 


perature, whence 
NB, = Ni Ay » NB, = Nj An 
the primes (’) denoting values corresponding to thermodynamic equilibrium. Therefore, 


_ { _ 
44 fl N; ’ fk N} 


On substitution, N; cancels from numerator and denominator, the result being 


Ne _ Ni Bis) + By 
Ni Bi, + NB) +B 


Ny 


MN; k 


an (By +> 


where N;. Ny = g./g,e”/*?. It is a trifle more convenient for manipulative purposes to 
leave this in terms of the A’s: 


Ant Ag) 


kl 


Gk 


(Ant Ap 


Substituting in the equation of transfer, one obtains 


T 


kl 


This is of the form 
dl, 
cos 6 


d 
with 

An+ An+——— 

A ju 

bu 
Ant Ap 
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It can be shown that for the relevant values of 7, \ and yw are substantially constant. 
Using Wien’s Law, 
E(t? )= —hv/kT 


where 7 varies with 7 according to the relation 
= B,(T) = B,(0) (14+ 37) 


from the known behavior of the continuous spectrum. Letting 7) be the local tempera- 
ture at the surface, 
= T)W1+ 


whence 
3 ‘ 


E,(7)= 


or, expanding, 


E, (1) ~E, rt... 


where hv/kT) = 4.9, approximately. When studying line centers, 7 > > 1, and as will be 
seen, the relevant values of 7 will be small, r ~ 10~*, say. We are therefore justified in 
treating E, as practically constant. Similar arguments apply to all other terms involv- 
ing radiation intensities, other than in the line itself, such as 4, B,s, etc., which for the 
small values of 7 considered vary only slowly and approximately linearly with 7. 

Further, if the atmosphere is constant in chemical and ionic composition, 7 does not 
vary with 7; in default of better knowledge this is usually assumed. The observations by 
Shane’? of the wings of the D lines show that the variation of n with 7 is at best very slow. 

The equation of transfer is solved by the standard transformations. First multiply by 
dw/4x, and integrate over the unit sphere, to obtain 


Next, multiply the equation of transfer by cos 6(dw/47) and integrate over the unit 
sphere, which yields 


Now, K, =f1, cos? 6 (dw/4m), and is usually approximated by }J,, i.e., A, = J,fcos? @ 
(dw/4). It can be shown that this is probably an excellent approximation.'* Thus, 


Differentiating again and substituting for dH,/d7, we have 


dr 


12 Lick Obs. Bull., 19, 119, 1941. 
13§, Rosseland, Theoretical Astrophysics, pp. 112, 113. Oxford, 1936. 
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t. | As was previously pointed out, the coefficients are practically constant, so that the solu- 
tion is of the form 


= Ae-w+Betm, g?=3(1—d). 


The positive exponent is rejected, as the intensity must vary slowly at great optical 
depths, matching the continuous spectrum. This is equivalent to the condition, ¢, > >k, 
which is the case for a line center. The surface boundary condition is 


Thus, 
=3(-—qA), 
yielding 
i+¢¢1- A’ 
and the desired solution becomes 
| 
: +3 
. At the surface, the observed intensity should be 
y 1—AL1+2q)° 
: The residual intensity is 
Here 
t = V3. 
Ant. in) + Burn 
BuyBiy 
6 (8 )+B RB 
lf AT? kf 
or 
(1 +- + Bu 


1— Buy An 
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the denominator A Aji + (BryA cancels. Substituting for As, and As, we ob- 
tain 


_ By N 


By NB bu 


_ By By 


= 
Bi, 


The residual intensity is r, = [J,(0)/B,(0)] or 


, J 
By By 


By Bl 143 


(The factor 3 arises from the dilution factor 4.) Some numerical results can now be in- 
troduced for the sodium line 17S} — 2?P3. Using the data of Section II, and taking 
Tp = 6500° K and Ty) = Tp(4)* = 4940° K, we find 
By=14.05, By=101.0, ay=6.22X 107, 
By =3.92X 104, By =9.28X 104, 


h 
pF, = 139.6, exp 742-7: 
On substitution we obtain 
Buy 
Ni 1396 485 * 
3 X 9.28 X 104 


76220(21.0) + 9.28] 
g=1.46X 10-2, 


a9 

= 0.00964, 

1+39 
By Bry 101.0 3.92 41.7 
By) 14.05 9.28 139.6 


The final result is 
r,=0:0264. 


This result is about half the value observed by Shane.'* An obvious criticism is that the 
calculation of Bi; and B,; is based upon the assumption that the radiation field is a dilute 
Planck field, a hypothesis not open to test in the former case because the relevant fre- 
quencies lie in unobservable parts of the spectrum. The observations of Coblentz and 
Stair! for the ultra violet spectrum involved in B;,, show the field to fall well below the 


14 Loc. cit. 15 Nat. Bur. Stand. Res. Paper, No. 899. 
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Planck values, but the corrections for atmospheric absorption may be uncertain. As 
r,~ (Bis), these lowered values would certainly help, although the degree of correc- 
tion is somewhat uncertain. 

Using the values of Coblentz and Stair for B,, calculation of B;; gives 1.45 X 104 (in- 
stead of 9.28), a ratio of 1:6.4; this would give r, = 0.067, which is closer to the ob- 
served values. However, it must be emphasized that this correction is uncertain, and 
that Bi, is, of course, not open to similar observational correction, which might alter the 
result the other way. Another criticism may arise from the treatment of the rate of re- 
capture; if the “electron temperature” is markedly different from the assumed local tem- 
perature, the result might be changed appreciably. 

In closing, the author wishes to express his appreciation to Professor J. R. Oppen- 
heimer, under whose direction this problem was undertaken, and to Professor C. D. 
Shane for many helpful discussions. Miss Mary Frances Langs, at that time a graduate 
scholar at Mills College, was of much assistance in the numerical calculation of the 
sodium-continuum wave functions. 

This work was carried out by the author partly at the University of California and 
partly at Mills College. 


MILLs COLLEGE 
June 1942 
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CURVATURE OF THE LINES IN PLANE-GRATING SPECTRA 
ABSTRACT 
The curvature of the lines in a plane-grating spectrum is opposite to that in a prismatic spectrum; 
the apex of a line points toward the violet. The lines are parabolas; the apparent difference between the 
wave lengths at a height y from the center and at the center of the spectrum is 
2f? ’ 


f being the focal length of the camera. 


No reference to the curvature of special lines observed with a plane grating has been 
found in the literature. The curvature of the lines in a grating spectrum is indeed much 
smaller than that in a prismatic spectrum. But, since the effect of the curvature may 
not always be entirely negligible, a short report on the problem seems justified. 

If 3 is the angle between the plane normal to the rulings and the direction of the 
incident collimated beam corresponding to a certain point of the slit, a the angle of inci- 
dence of the projection of the incident beam on the normal plane, and # and £ the corre- 
sponding angles for the diffracted beam, then 

v’=0, (1) 
and 
sin (2) 
d cos 3 
where & is the order of the spectrum, d the grating constant, and A the wave length. If 
the slit is parallel to the rulings, a has a constant value for all points of the slit. If the 
optical axis of the collimator is parallel to the normal plane, 


y 
tan (3) 
f 
where / is the focal length of the camera and y the distance of a point of the line from the 
normal plane and thus from the center of the line. 

If Bo is the angle of diffraction from the center of the line, and d@ is the small angle 
between §o and the angle of diffraction 8 for an off-center point of the line, we may 
write 

sin B —sin By = cos BodB . (4) 
We then obtain from equations (2) and (4) with an elementary trigonometric trans- 
formation 
cos Bods = ——. (5 
=~ cosd 
As # is always small, so that sin 3/2 can be replaced by 3/2 and tan # by ¥, we obtain 
from equations (5) and (2) 


cos ByodB = 
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Differentiation of equation (2) gives, for small #, 


cos 8 —-=-. (7 


From equations (6) and (7) we obtain for the apparent difference between the wave 
lengths at a height y from the center and at the center of the spectrum 


(8) 


This difference is always positive. The lines are therefore always curved so that their 
apices point toward the violet, the curvature being opposite to that in a prismatic 
spectrum. 

‘If 2h is the length of the slit and F the focal length of the collimator, 


h_y 
(9) 
Equation (8) may then be written 
dh? 


The effect of the curvature expressed in wave length thus depends only on the length of 
the slit and the focal length of the collimator and not on the focal length of the camera. 

If x denotes the distance from the apex in the direction of dispersion, equation (8) 
may be written 


x=—. (11) 


The radius of curvature at the apex of the parabola (11) is 


dd 
(12) 


Sometimes, for instance in an autocollimation spectrograph, arrangements of the 
optical elements are used in which the optical axis of the collimator and the camera are 
inclined to the normal plane. Then the center of the spectrum does not coincide with 
the normal plane, and the center of a line will thus not coincide with the apex of the 
parabola. The lines will then appear not only curved but also inclined. This inclination 
may be corrected by turning the slit by a smallangle yg. Both the angles 3 and a will then 
vary for different points of the slit. Now if # denotes the angle between the normal 
plane and the incident collimated beam from the center of the slit and ao the angle of 
incidence of the projection of this beam on the normal plane, then for any point of the 
slit 

a=aot (13) 


Instead of equation (5), we now obtain 


kA 
cos pap = Bo (3 — Vo) (14) 
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Equations (8), (11), and (12) are restored, and the inclination of the lines disappears, if 


As ¢ varies with the wave length, the inclination can be eliminated only for one wave 
length. For all other wave lengths some inclination will remain. However, as #o will be 
generally small, the differential effects for different wave lengths are not likely to be no- 
ticeable unless a considerable range of wave lengths is observed. 

The rotation of the slit will be carried out, of course, during the process of adjusting 
the spectrograph without regard for the source of the inclination of the lines. The slit 
will finally not be parallel to the rulings, but inclined to them by the small angle gy. Ina 
plane-grating spectrum this does not affect the definition. After the inclination of the 
lines has been removed, the curvature correction obtained from equation (8) will always 
be correct. 

The curvature correction will be insignificant unless a slit of considerable length is 
used. For instance, for a focal length of the camera of 300 cm and a height of 1 mm from 
the center of the spectrum—data which correspond roughly to the largest dispersion 
at the Coudé focus of the 100-inch reflector—the curvature correction for 4000 A will 
be only 0.00022 A. 

It is interesting to compare the curvature for the plane grating with that for prisms. 
The radius of curvature p, of a line in minimum of deviation in a spectrum produced 
with m prisms is! 

n* f 


where a; is the angle of incidence and m the index of refraction. By introducing the 
linear dispersion 


dh _ncota (17) 
dx tue 
dX 
we obtain 
(18) 


If the curvature in the grating spectrum is compared with that of ‘‘equivalent”’ prisms 
giving the same dispersion with the same focal length, we find 


Pp dn | ( 
p me 


According to equation (19), the radius of curvature for equivalent prisms of medium 
flint in the red and violet is, respectively, 1/20,and 1/7 that fora grating; the correspond- 
ing curvature corrections are thus 400 and 49 times as large as those for the grating. 
This demonstrates clearly the relative unimportance of the curvature in grating spectra. 


R. MINKOWSKI 
CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
May 1942 


1H. Erfle, in Czapski and Eppenstein, Grundziige der Theorie der optischen Instrumente, p. 332, 3d ed., 
1924. 
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Ca 11 EMISSION IN 56 PEGASI* 


The star 56 Peg (a 23"2™2; 6 + 24°56’ [1900] mag 5.0) is of spectral type KO and 
luminosity class II on the Yerkes system.! Its luminosity is intermediate between 
that of « Gem, a bright supergiant, and 6 Aur, a normal giant. No obvious spectral 
peculiarities were noted in a comparison with these standards. Spectrograms taken at 
the McDonald Observatory, with a dispersion of 17 A/mm, reveal very strong emission 
components in the H and K lines of Cau. An inspection of other Ca 1 emission-line 


56° Peg 
Dec.5, 194 
f 


May 12,1942 


aN 


Wi 


j 


Fic. 1.—Microphotometer tracings of the H and K region of the spectrum of 56 Peg, on films of 
similar contrast. The slit is wider on the earlier film; red is to the right. 


stars suggests that the emission in 56 Peg is abnormally strong, and possibly the strong- 
est yet observed. The emission intensity is probably variable, as is suggested by plates 
taken December 5, 1941, and May 12, 1942. The microphotometer tracings reproduced 
show the structure of the lines and the apparent decrease of intensity in the above 
interval. It is to be hoped that the variability of the emission will be followed. A visual 
examination of the plates further suggests the existence of a weak and narrow central 
reversal of the K line. 


* Contributions from the McDonald Observatory, University of Texas, No. 53. 


_ 'W.W. Morgan, Ap. J., 87, 460, 1938; Morgan, Keenan, and Kellman, An Aflas of Stellar Spectra, 
in press. 


e 
g 
: 
e 
Ss. 
d 
| : 
) 
m : 
1 
; 
d., 


310 NOTES 


Yin The emission lines have an apparent breadth of 1.2 A, indicating a considerable ex- 
is pansion velocity, or turbulence, in the ‘“‘chromosphere”’ of the star. The breadth is so 
: large that the measured position of the emission gives only an approximate velocity, 
which differs by —8 + 4 km/sec from that given by the absorption lines. In any case, 
the systematic motion of the chromosphere is small. The measured stellar velocity is 
—26+1 km/sec, to be compared with — 26.9 km/sec, given in the Lick Catalogue of 
Radial Velocities. While variability of the stellar velocity has been suspected,” it has 
apparently not been confirmed. 

Our dispersion is too low to permit a theoretical investigation of the contour of the 
emission band or of the central reversal. The actual measured intensity of the emission 
is high. The apparent residual intensity, R, measured with respect to the interpolated 
stellar continuum, is of the order of 0.6 for the K line. The instrumental contour has 
appreciably affected this value, and R may be as high as 0.8. In Arcturus,* Wellmann 
finds R = 0.12 for the K emission; the width, however, is approximately the same as 
in 56 Peg. 

P. C. KEENAN AND J. L. GREENSTEIN 
YERKES OBSERVATORY 
June 1942 


CONTINUOUS EMISSION IN THE SPECTRA OF 
GASEOUS NEBULAE* 
ABSTRACT 


The visual continua in the spectra of three nebulae photographed with a narrow slit are not produced 
by the blending of atomic emission lines but must have a physical origin. Several strong He I emission 
lines just beyond the Balmer limit may tend to vitiate measurements of the intensity distribution in 
the Balmer continuum on plates taken with a wide slit. 


In a recent study of the spectra of planetary nebulae Page! used a very wide slit and 
was, therefore, unable to eliminate the possibility that the strong continuous spectrum 
in the visual region, V., is produced by an effect of blending of many faint emission 
lines. Because of the great importance of ascertaining whether the visual continuum, 
V., has a physical origin, we have obtained long exposures of three nebulae, using the 
quartz Cassegrain spectrograph with f/2 camera and a very narrow slit. Each object 
was kept stationary on the slit, and in the case of the Orion nebuia no stars brighter than 
visual magnitude 14 were on the slit. 

Plate X XI shows spectrograms of the three nebulae obtained in January, 1942. In 
the first two (Orion nebula and IC 418) the general V. continuum is strong (of an in- 
tensity comparable to that of the Balmer continuum), whereas in IC 2165 it is very 
weak. Such differences between nebulae have been mentioned previously. These spec- 
trograms prove conclusively that the visual continuum is not caused by the blending 
of many faint emission lines. Otherwise, the continuum observed with a narrow slit 
would show appreciable intensity fluctuations produced by the random distribution of 
the atomic lines. The emission is definitely continuous, and it appears likely that its 


2 Lick Obs. Bull., 6, 149, 1911. 

f. Ap., 19, 236, 1940. 

* Contributions from the McDonald Observatory, University of Texas, No. 54. 
1Ap. J., 96, 78, 1942. 
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explanation will be found in some of the new types of continuous absorption or emission 
recently proposed by Wildt.? 

It is also apparent from Plate X XI that the He 1 lines situated just beyond the Balmer 
limit can vitiate the measurements of the intensity distribution in the Balmer continuum 
when spectrograms taken with a wide slit are used. This source of error is similar to the 
distortion of the Balmer absorption continuum when strong, broad absorption lines of 
Hei are present, as in ¢ Tauri.® 

P. SwINGs 
O. STRUVE 
McDONALD OBSERVATORY 
July 6, 1942 


RADIAL VELOCITIES OF 27 CANIS MAJORIS 
The unusual features of the velocity-curve of this star were last discussed seven years 
ago.! A few scattered observations were secured at the Yerkes Observatory in 1935, 
1936, 1939, and 1940. A longer series was started in 1941. The observations are plotted 
TABLE 1 


RADIAL VELOCITIES OF 27 CANIS MAJORIS 


Qual- Velocity Qual- Velocity 


Date and U.T Observers* ity K m/Sec) Date and U.T. Observers* ity | (Km/Sec) 
1935 Nov. 9.47 a5 p +106 1941 Nov. 18.42.. o, Ha f — 13 
1936 Mar. 17.10 Mc, S g + 35 Nov. 20.44. o, Ha f — 9 
Mar. 28 09 Rd, $ g + 49 Dec. 11.34. o g + 20 
1939 Feb. 25.17 H,OK| ¢g + 92 Dec. 14.31. o f + 8 
1940 Nov. 25.42 OE, ’S p — 25 || 1942 Jan. 5.29.. Gr g — 2 
1941 Feb. 15.21 a,5 f + 3 Jan. 13.24 Ha g — 5 
Feb. 16.17 Wm, S$ f + 3. Jan. 24.17 Ha g — 24 
Feb. 26 12 0,5 g + 35 Feb. 12.12 o p — 31 
Mar. 1.10 Wm, $ g + 42 Apr. 1.09 Wm p age 
Oct. 16 45 Gr, Ha g + 18 Apr. 12.07 o g — 14 
Oct. 25.42 Gr, Ha g + 3 Apr. 14.07 Gr f — 17 


*Gr=J. Greenstein; Ha=R. G. Hall; Mc=E. L. McCarthy; O'K=J. O’Keefe; Rd=P. Rudnick; S=F. Sullivan; «=O. 
Struve; Wm=R. Williamson. 


in Figure 1, together with those secured since 1925. There is a rather definite indication 
that in the spring of 1942 the radial velocity was approaching a minimum, which it may 
reach around JD 2430800. The two preceding minima occurred roughly at JD 2425300 
and JD 2427600. The two intervals between minima are, therefore, 2300 days and 3200 
days, respectively. It is not possible to reconcile these values, and the variation in 
velocity is clearly not periodic. 

The remarkable changes in the intensity and sharpness of the absorption lines, de- 
scribed previously, continued throughout the last seven years. The lines were very sharp 


2 Observatory, 64, 195, 1942. 
3 Swings and Struve, 4p. J., 91, 587, 1940. 
1 Ap. J., 81, 345, 1935. 
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and strong on the ascending branch of the curve in 1936 and were much more diffuse and 
weak in 1939, 1940, 1941, and 1942. It is probable that in addition to the slow changes in 
line intensity there are also rapid fluctuations; but the observations do not permit us to 
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Fic. 1.—The velocity-curve of 27 Canis Majoris 


establish a correlation with the short-period fluctuation in radial velocity. When the 
lines are strong and sharp, the spectrum resembles that of a typical early-type shell. 
When they are weak, the absorption lines resemble those of a normal rapidly rotating 
B star. The emission line at 1/8 is usually visible but is never conspicuous. 
O. STRUVE 
YERKES OBSERVATORY 
July 1942 


ON THE CHEMISTRY OF THE ATMOSPHERE OF VENUS 


ABSTRACT 
Unpublished data by J. F. Walker show that the clouds of Venus cannot be composed of solid poly- 
oxymethylene hydrates. Since the clouds cannot consist of water, it is suggested that a small deficiency in 
the aqueous component of the primordial magma of Venus may have prevented the formation of a hydro- 
sphere; i.e., all water may have been bound in hydrated minerals. 


A search for the bands of monomolecular formaldehyde in the ultraviolet spectrum of 
Venus led to a negative result,! nor was any strengthening of the terrestrial ozone bands 
observed, which indirectly confirms the scarcity of oxygen in the atmosphere of Venus. 
W. S. Adams and T. Dunhan, Jr.,” also failed to find any evidence of CHO on spectro- 
grams of higher dispersion. In the absence of a protective screen of, oxygen and ozone, 
the atmosphere of Venus would seem to afford the very conditions under which CH,O 
might be formed photochemically from water vapor and carbon dioxide, as is observed 
in laboratory experiments.’ However, CH,0 is highly susceptible to polymerization, with 
water vapor acting asa catalyst. Hence I suggested that the atmosphere of Venus might 


1R. Wildt, Ap. J., 92, 247, 1940. 
2 Carnegie Institution of Washington Yearbook, 40, 13, 1941. 
3 Cf. W. Groth, Zs. f. Elektrochemie, 45, 262, 1939. 
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have become depleted of CHO by formation of solid polyoxymethylene hydrates, and 
that these compounds of low vapor tension might constitute the material of the clouds 
of Venus. This hypothesis rested upon the claim, quoted in my original paper, that the 
vapors existing in equilibrium with solid polyoxymethylene hydrates were also of a 
polymeric nature and did not contain CH,O, which would account for the failure of the 
spectroscopic test. It is with great regret that I feel compelled to retract my hypothesis 
in the face of unpublished experimental data by Dr. J. Frederic Walker,‘ a specialist in 
the field of formaldehyde chemistry, to whom I am much indebted for his valuable 
criticism. 

Since the results of Dr. Walker’s studies are not to be published for some time to 
come, I gladly avail myself of his kind permission to quote from his letter of April 30, 
1942, the following passage, which gives convincing proof of the monomolecular constitu- 
tion of the polyoxymethylene vapors: 

Several years ago I also determined vapor densities for the gases obtained by heating a- and 
B-polyoxymethylenes. Figures obtained at comparatively low temperatures were as follows: 


Tempera- Average Tempera- | Average 
tein ture of Molecular oe ture of || Molecular 
Vaporiza- Weight of Vaporiza- Weight of 
tion Vapor tion Vapor 
136°C. 31.3 (116°C. | 35.6 
165 31 


These values are slightly over 30, a fact attributable to the presence of trioxane (a-trioxy- 
methylene) in the gases produced... . . Trioxane has a molecular weight of 90, and a gaseous 
mixture of this polymer with monomolecular formaldehyde having an average molecular weight 
of 35 would contain only about 8 per cent polymer. 

A further proof that the vapors of linear formaldehyde polymers are monomeric formaldehyde 
is found in the fact that every one of these polymers has the characteristic irritating odor of 
monomeric formaldehyde, whereas the cyclic polymers, trioxane, (CH2O)3, and tetraoxyme- 
thylene, (CHO) ,4, do not have this odor but smell like ethers. 


The reasons which contraindicate an aqueous composition of the perennial cloud 
stratum which hides the surface of Venus have been given before,' but some further 
implications of the alleged lack of water on Venus seem worth mentioning. On the earth 
the total mass of carbon dioxide now buried in sediments, including the CO2-equivalent 
of the carbon of the biosphere and of coal, bitumen, and humus formations, is of the 
order of 10 kg cm™*. It has long been recognized by geochemists that the mass of CO, 
bound in sedimentary carbonates is so enormous that obviously it cannot altogether 
have existed in the atmosphere from the beginning. For life would be impossible under 
a CO, pressure of several atmospheres. Hence the greater part of the CO, now fossil or 
still circulating through the biosphere must have been supplied gradually during the 
geological ages in the form of volcanic exhalations. Such exhalations as are observed at 
present also contain a large percentage of steam, but reliable data about their composi- 
tion are not available as yet. It should be kept in mind, then, that possibly large masses 
of steam have been ejected continually during the past and that the primeval hydro- 
sphere may have been considerably less massive than the oceans of today. The abun- 
dance of carbon dioxide on Venus, coupled with the absence of water, either suggests that 
volcanism, of the sort known to be active on the earth at present, did not play any role 
during the evolution of Venus or may be advanced as an argument against the view 


4 Chemical research division, E. I. Du Pont De Nemours & Co., Niagara Falls, New York. 
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favored by some geochemists that the supply of juvenile water derived from volcanic 
eruptions throughout the geological past of the earth was an appreciable fraction of the 
present hydrosphere. With the masses and mean densities of the earth and Venus so 
nearly equal, one is reluctant to abandon the hypothesis of a similar constitution of their 
bulk. However, the mass of the terrestrial hydrosphere is exceedingly small compared 
with that of the lithosphere as a whole, and therefore it is perhaps not unreasonable to 
assume that a rather minute deficiency in the aqueous component of the primordial 
magma of Venus may have prevented the formation of a hydrosphere, i.e., all water may 
have been bound in hydrated minerals. Naturally, such an ad hoc hypothesis is unsatis- 
factory, but it is the best that can be made for the time being. 
Rupert WILpt 
PRINCETON UNIVERSITY OBSERVATORY 
June 1942 


LABORATORY PRODUCTION OF THE i 4050 GROUP OCCURRING IN 
COMETARY SPECTRA; FURTHER EVIDENCE FOR THE 
PRESENCE OF CH; MOLECULES IN COMETS 


The most prominent of the hitherto unidentified features of the spectra of comets is 
the group of lines or bands in the region of \ 4050. Recently,' from a study of its struc- 
ture, the writer concluded that this group is due to a polyatomic molecule which in all 
probability is CH2. Since then experiments have been carried out to verify this con- 
clusion. 

On the basis of the assumption that the \ 4050 group is due to CH, it was considered 
likely that it would occur in an electrodeless discharge through methane if the gas was 
rapidly streaming through. It was found that with moderate pumping speed a continu- 
ous discharge through CH, gave only the Hz, H, and, comparatively weakly, the CH 
spectrum. However, it was noted that immediately after turning on the discharge the 
color was distinctly different from the_ene established later (bluish white, as compared 
to the pinkish-white characteristic of hydrogen). This observation suggested that, in 
spite of the continuous stream of CH,, the gas was completely decomposed in the dis- 
charge except in the first fraction of a second, and the occurrence of CH, in the first 
flash appeared more likely than afterward. The spectrum of an interrupted discharge 
through streaming CH, which was on only for about { second every 4 seconds, did, in- 
deed, show a new group of bands which proved to be identical with the \ 4050 group 
observed in comets. With higher pumping speeds, using wider and shorter connecting 
tubes, it was possible to obtain the \ 4050 group even without interrupting the discharge, 
although it was then more strongly overlapped by the H2 spectrum. 

In the upper part of Plate XXII the spectrum of an interrupted discharge through 
streaming CH, (with iron-arc comparison spectrum) is reproduced. It has been enlarged 
to the same scale as a spectrum of comet 1940c, obtained by Swings,’ which is given in 
the lower part of the plate, also with Fe comparison spectrum. From a comparison of 
the two spectra the identity of the \ 4050 group occurring in comets with the group 
observed in the laboratory seems to be definitely established, particularly if it is remem- 
bered that (1) there are a few H. and CH lines overlapping the laboratory spectrum, 
(2) small differences may be expected on account of the different mechanism of excita- 


1G. Herzberg, a paper presented at the spectroscopy conference held at the University of Chicago in 
June, 1942, to appear in the Reviews of Modern Physics. 

2T am greatly indebted to Dr. Swings for letting me have a print of this spectrum and for permission 
to reproduce it here. 
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tion, and (3) this group is the only new feature of the laboratory spectrum which other- 
wise consists only of H, H2, and CH lines and bands in the whole visible and ultraviolet 
regions. 

eThe freedom from impurities shown by the spectrum makes it practically certain that 
the \ 4050 group is due to a molecule containing carbon and hydrogen. The method of 
excitation suggests a molecule intermediate between CH, and CH. Thus the previous 
conclusion! that the emitter is CH», which was based on the structure of the spectrum, 
is strongly supported, although, from the conditions of excitation alone, CH; and CH, 
cannot be excluded. By an investigation, now under way, of the fine structure of these 
bands, a definite decision will be possible. 

G. HERZBERG 
DEPARTMENT OF PuysIcs 
UNIVERSITY OF SASKATCHEWAN 
SASKATOON, SASKATCHEWAN 
August 1942 


NOTES ON PROPER-MOTION STARS. IV* 


ABSTRACT 
Three new white dwarfs are announced, together with fifteen new binaries. In addition, a list of the 
nearest stars published recently is brought up to date. 


Recent observations with the 82-inch telescope have established the white-dwarf na- 
ture of the first three stars contained in Table 1. They are all of the 40 Eridani type. 
The second object is of particular interest, being a visual companion to the bright star 
HR 5864 (6.15 IPv G8, absolute magnitude 5.4), which has a well-known radial velocity 
and parallax. It is hoped to measure the red shift of the companion, which, at 15’’ from 
A, is easily observed on a good night. 

The remaining stars in Table 1 are visual binaries found since 1940. For two pairs, 
— 34°4160 and — 29°7274, the physical connection is still uncertain. For +27°335 and 
—5°1844 the motion of the companion was directly measured and found to agree with 
that of the primary. The companion to +34°1378 is one of the intrinsically faintest stars 
known. 

Table 2 contains additions to the table of the nearest stars published recently,' as 
well as new or improved data for some stars included previously. The arrangement of 
Table 2 is the same as that of the earlier table. For one star, No. 96, an unexplained dis- 
crepancy exists between the Cape parallax and our result; the latter is based on obser- 
vations on three nights. 

In addition to the more important changes, found in Table 2, some smaller improve- 
ments to the original list follow here: No. 41, improved parallax 201+ 3; 59, 103+5; 
60, 107 +4; 83, 15144; 98, 202+ 6; 104, 397+ 5; 107, 125+5; 112, 193+ 10; 158, 258+ 4; 
165, 144+ 5; 183, 99+6; 208, 207+5; 240, 314+7; 241, 204+6; 252, 944+5. Some 
of these values were obtained by inclusion of new Yerkes parallaxes kindly made avail- 
able by Dr. Titus. In a few cases the revised parallax requires a small revision of M(v). 
No. 123 should read L 68-27. Dr. Titus has also made available his new determinations 
of proper motion for No. 83, 5720 in 168°; 202, 1786 in 107°; and 250, 1758 in 176°. 


* Contributions from the McDonald Observatory, University of Texas, No. 58. Earlier notes: Ap. J., 89, 
548, 1939; 91, 269 and 366, and 92, 126, 1940. 


Ap. J., 95, 201, 1942. 
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TABLE 1 
Star a (1900) 6 m(v) Sp. “ 0 p(t) p(Sp.) Remarks 
AC 70°5824....| 13h36"5 +70°48’| 11.8 | wA | 0"40| 267° 28411 )...... 
HR 5864B.....| 15 41.0 —37 36| 13.5 | wA 48 | 243 | 72+7 |......| 15”, 135° 
Ross 137...... 18 2234+401| 128/wA | 212]....... 
| 
427°335B... 2 92-6 +27 51 | | Ko "38 | 145|........ 20 20”, 180° 
+34°1378A...| 59.6| K7 .38| 230|........| 55 
436°1378B.. {| © 25-4 +54 36 | 115.5) M7 |...... 72: | 15”, 190° 
—5°1844A....)| 6.61 K3 54) 270| 95+ 7 110 
© 47-4 — 393) 34 | 270|........ 90 | 58”, 177° 
(Furuhj. -, | 11.3 | G8 37 | 141 43 
HI, 775B...... 133.6 +41 30) | K3 
—34°41600A...\ - K2 38 40+10 
—29°7274A... | 10.0] G4 36| 314/.... 10 
54.9 +5605] 8.4) KO | 203 | 37411 | 33 | 13”, Am=s 
| | 283 | 23 
Ross 479A... 13 33.7 —10 22 /13.2| 9 
Ross 862A...) 12.5 | K4 41 | 164 |. 8 
Ross 862B.... 17 02.6 +23 02 36} ES 3” 
+27°2853AB..|| | 28 | 336 33 | 0725, Am=0 
+27°2853C.._f| 17 38-2 +27 57) Mo | 2% 80° 
Wolf 921AB....| 21 25.0 — 7 32| 13.1 | MO 61 191. 12 | 13”, Am=0.7 
4+32°4180A....| 21 27.4 +33 11| 8.7] K3 44| 72 "| 42 | 3” 
Ross 200A..... 21 36.6 +53 41 12.8 M3+ | 0.56 62 33+9 44 2", Am=3 
TABLE 2 

No. Name a (1900) 6 m(v) Sp. 6 p(t) yp(Sp.) V, M(v) 
31.....| Ret) 5-19] G3* | 1748; 64°] 844 5 +1240 48 
32..... Ret — 62°53") |... |... +12+1) 5.1 
44... ..| Ross 504 4 23.6 +39 39 | 13.7 Mo | 0.53 180 97+12) 100 13.6 
70.....| ~S°1844A) [6.61 K3 | 0.54 270 95+ 7 100 —104+2 6.5 
70a... .| —5°1844B 1110.4 | M2 10.3 
72.....| —44°3045A4 11.6 1.13) 264 |... 110 11.8 
94a... .| Ross 93 9 38.2 +27 26| 11.6 | M4 | 0.53) 256 100 11.6 
96.....| —45°5627s | 9 54.6 —45 57 | 11.6 | M4+| 0.70 132 18412 115 119 
110a....| Ross 1003 | 11 36.4 +43 18 | 12.1| MS | 0.53 255|.......| 110 12.3 
114... Ross 128 11 42.6 + 123 | 11.0 | M5+/ 1.40 151 291412 230 13.3 
117_....| L 901-10 1148.2 — 649/118] M4 | 0.54 196 83 114 
119... Ross 689 12 00.6 +7006 | 12.8) M5 0.59 258 87 12.5 
138a....|L1194-26 | 13 24.4 +11 59/| 12.0| MS | 1.24 165 115 12.3 
155..... —40°0712 | 15 25.7 —40 54 | 100 M4 | 1.57 220 166+ 5 190 111 
218... ..| Wolf 1084 | 20 40.5 +54 57 | 15.3 | M7+/ 1.87, 21 | 71412 110: 15.0 
222a....| Wolf 906 | 20 56.7 — 6 42 | 11.0 | M3+/ 0.52| 205 |.......| 100 11.0 
235..... Wolf 15614 | 2212.1 — 918/135 M6 | 0.55 240 101+ 7 100 13.5 


G. P. KUIPER 
YERKES OBSERVATORY 
August 1942 
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NOTICE CONCERNING Be STARS 


A supplement to the Catalogue and Bibliography of Stars of Classes B and A Whose 
Spectra Have Bright Hydrogen Lines (Mt. W. Contr., No. 471; Ap. J., 78, 87, 1933) is 
being compiled and may be printed early in 1943. In order that the supplement may 
be as complete as possible, we request observers to send us lists of recent discoveries and 
of references to published material on Be and Ae stars. 

Paut W. MERRILL 


Cora G. BURWELL 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
PASADENA, CALIFORNIA 
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REVIEWS 


From Copernicus to Einstein. By HANS REICHENBACH. (Translated by RALPH B. Winy.) 
New York: Philosophical Library, Alliance Book Corporation, 1942. Pp. 123. $2.00. 


In his introduction to the first chapter of the book, the author says: “Astronomy, as a sci- 
ence, has come to forget its primitive wonder: instead, it approaches the realm of stars with 
sober research and calculation.”’ This is not to be considered a heartbreaking loss, however! 
‘Although science may have destroyed a few naive fantasies, what she has put in their place is 
so immensely greater that we can well bear the loss.” 

Professor Reichenbach, who is now a professor of philosophy at the University of California, 
is well known as one who has always emphasized the importance of not losing completely the 
philosophical angle of view during the developments of the “‘dry facts” of science. By philosophy 
he does not mean “naive fantasies,’ but strictly logical thinking based on purely scientific 
investigations. It is a fact that natural philosophy has generally not been able to follow the 
rapid development of natural science. In the book under review Reichenbach gives the story of 
natural philosophy in the last four hundred years, the main subject being the philosophy of the 
relativity theory. The book does not give any new ideas, but it presents an extremely interesting 
and easily read history of earlier times and a clear and deep discussion of the ideas of relativity. 
The emphasis which is laid on the question of simultaneity is an important improvement over 
most presentations of special relativity. It eliminates from the outset the feeling of mysticism 
often connected with discussions of Lorentz contraction. 

In the chapter “Space and Time” the author’s original views play a more important 
role than in the other chapters. Readers who know Reichenbach’s earlier book on the same 
subject, written before he left Germany at the time of Hitler’s rise to power, might have wished 
for more of the author’s own thoughts. As it is, however, the book is an excellent exposition of 
the generally accepted ideas of relativity which will be read with profit by amateurs and by 
professionals. 
GUNNAR RANDERS 
Yerkes Observatory 


The Solar Parallax and the Mass of the Moon from Observations of Eros at the Opposition of 1931. 
By H. SPENCER Jones. (“Memoirs of the Royal Astronomical Society,” Vol. LXVI, Part 
II.) London: Royal Astronomical Society, 1941. Pp. 66. 10s. 


This sixty-six page publication contains the results obtained by the Astronomer Royal after 
years of work on the extensive observational material gathered at the favorable opposition of 
Eros in 1931. The program, which was sponsored by the International Astronomical Union, 
co-ordinated the work at twenty-four observatories in which 2,847 plates had been obtained. 
The Cape Observatory contributed the lion’s share to this total, which does not include addi- 
tional plates taken for the systematic determination of the positions of the comparison stars, 
based on special meridian observations. The author has painstakingly discussed this entire 
material, which leads to a solar parallax of 8780 + 0'001, a determination of much greater 
weight than any value previously obtained. Separate determinations from the measures in 
right ascension at one station, from the comparison of declinations obtained at pairs of stations, 
from the observations combined, from photographic and photovisual telescopes, etc., all con- 
sistently indicate that the value of 8"80, adopted by the Paris Conference of 1896, is too large. 
The possible influence of atmospheric dispersion on the new determination is discussed in an 
exhaustive manner and is shown not to affect the result appreciably. The material is further 
used to deduce an improved value for the lunar equation and the mass of the moon. The interre- 
lation of other astronomical constants points to the necessity of adopting a larger value for the 
constant of nutation. 


G. VAN BIESBROECK 


Yerkes Observatory 
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Astronomy, Maps and Weather. By C. C. Wyte. New York: Harper & Bros., 1942. Pp. x+ 
499+ 196 figs. $3.00. 


“With the entry of the United States into the war on December 8, 1941, the Army Air Corps 
inaugurated a great plan to train hundreds of thousands of young men for future service as 
pilots, navigators, and bombardiers for our fighting aircraft.”’ This is the opening sentence of 
Dr. Wylie’s Preface. Immediately after the outbreak of the war the American Association for 
the Advancement of Science appointed a committee consisting of Professor Wylie, of the Uni- 
versity of Iowa, Professor W. L. Hart, of the University of Minnesota, and Professor W. M. 
Whyburn, of the University of California at Los Angeles, to prepare an outline of a college 
course to serve as preparation for the Army Air Corps training course. Dr. Wylie’s book has 
been prepared at the request of the Army Air Corps Flying Training Command in order to meet 
the requirements of this course. Under the present setup ‘“‘the Army Air Corps has announced a 
plan for training in mathematics and the physical sciences that extends from high school through 
college. This program is to be an integral part of the Army Air Corps Reserve, in which young 
men can enlist while continuing their college studies. In their own colleges they will follow a 
normal curriculum with the addition of certain specified courses: Among these courses is one in 
astronomy, maps, and weather.” 

An introduction calls attention to the fact that the book “‘treats an unprecedented combina- 
tion of subjects”’ and that it ‘thas a dual purpose—to expound the essentials of certain fields of 
science and to provide basic information for specific applications.”’ All astronomers who have 
directly or indirectly taken a part in the stupendous program of training inaugurated by the 
army and navy know that what is primarily required is not the detailed training in celestial 
navigation—this is largely being taken care of in the special training courses—but a basic train- 
ing in fundamentals: co-ordinate systems on the sphere, time, identification of stars and 
planets, arrangement and use of astronomical almanacs, fundamentals of gravitational as- 
tronomy, etc. At the same time hundreds of students who now crowd our classes in navigation 
have a burning desire to learn as soon as possible how to use a sextant and determine the longi- 
tude and latitude of the point of observation. 

Professor Wylie’s book provides the elementary background which is required for further 
study. The book is divided into twenty chapters. Chapters i-iii deal with the celestial sphere, 
the constellations, and telescopes. Chapters iv, v, and vi treat the earth, its motions, and the 
seasons. The next four chapters are devoted to meteorology and map construction. Then follow 
two chapters on time and celestial navigation. Chapters xiii-xviii are devoted to the solar system, 
chapter xix to the stars, and chapter xx to ‘Our Galaxy and Others.’”’ Each chapter is followed 
by numerous exercises. There is an Appendix giving the correct pronunciations of the names 
of constellations and of bright stars. A table of the principal constants and an Index conclude 
the volume. 

The book is almost entirely descriptive in character. It makes use of plane trigonometry and 
quotes some formulae of spherical trigonometry without deriving the latter. On page 130 there 
appears a photograph of a city park, which shows a low fence consisting of a single iron bar 
supported on a row of vertical posts. The legend tells us that the fence runs east and west and 
that the photograph was made on the day of equinox. A heavy band of unmelted snow lies on 
the ground, parallel to the fence and a short distance to the north of it. The significance of 
the picture is not described in detail, but it is bound to intrigue the student. Professor Wylie 
is to be congratulated upon the use of such novel aids in teaching: a student who has under- 
stood why the snow failed to melt in the band on the ground will have acquired a good under- 
standing of some of the fundamental spherical astronomy—perhaps more so than he would from 
the study of complicated formulae or diagrams. It is to be hoped that teachers will insist upon 
the use of this type of material in all elementary college courses. 

On the other hand, the reviewer is of the opinion that some of the chapters are unnecessarily 
burdened with trivialities. For example, the study of constellations could have been abridged 
and the use of proper names for individual stars limited to those which are actually likely to be 
frequently used in problems of navigation. The reviewer would have preferred a little more in- 
formation on map projections, which the author has condensed into two pages of text and three 
diagrams. The author has a tendency to make statements without proving them, or without 
adequately explaining them. For example, on page 67 he shows a type of Schmidt camera which, 
he says, ‘‘is a new design faster than any instrument yet made.” But he does not explain 
which feature of the design is expected to make the instrument faster; the reviewer wonders 
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whether any of the readers of the book will derive much information from the diagram. Again, 
on page 59 the author shows in a diagram what is meant by spherical aberration of a single lens 
and by chromatic aberration, but he does not explain the origin of these aberrations. The intelli- 
gent student, knowing that he will be expected to use optical instruments in warfare, will almost 
certainly be disappointed. 

The book is profusely illustrated with photographs and drawings. Many are shown for the 
first time in a book, as for example, Mr. Preucil’s remarkable photographs of the aurora borealis 
on September 18, 1941. Incidentally, Figure 193, showing the resolution into stars of a portion of 
the Andromeda Nebula, should be credited to the Mount Wilson Observatory. On page 430 
there occurs an unfortunate error in the scale of Figure 192. As it is printed, it would make the 
diameter of the galaxy only 100 light-years, in contrast to the correct value stated on page 431. 
On page 422 the Network Nebula in Cygnus is incorrectly given as a typical example of a 
reflection nebula. These small errors, and others, are relatively unimportant and do not ap- 
preciably detract from the merit of this important textbook, which the author wrote and pub- 
lished in the record time of a few months. 
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